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NASA Grant NGR 47-004-006 

A V i r g i n i a  Po ly t echn ic  I n s t i t u t e  
September, 1969 

I n t r o d u c t i o n  

This  r e p o r t  is a  compilat ion of t e c h n i c a l  r e p o r t s  i n  which an e f f o r t  

is made t o  p r e s e n t  s t a t u s  of  p r o j e c t s  funded by t h e  g r a n t .  Considering 

t h e  r e l a t i v e l y  s h o r t  d u r a t i o n  of t h e  g r a n t ,  t h e s e  r e p o r t s  may be regarded 

as t h e  c o n t i n u a t i o n  of an ou tput  which w i l l  be s u s t a i n e d  even beyond t h e  

t i m e  when NASA funds are no longer  involved.  Although almost  a l l  of  t h i s  

r e p o r t  is  r ep re sen t ed  by t e c h n i c a l  r e p o r t s ,  a b r i e f  summary of  a d m i n i s t r a t i v e  

and f i n a n c i a l  i n fo rma t ion  is  included s o  a s  t o  p re sen t  some pe r spec t ive  of 

t h e  scope of t h e  c u r r e n t  program. Only b r i e f  comments are made i n  r e f e r e n c e  

t o  p r o j e c t s  no t  r e p o r t i n g  h e r e  i n  depth ,  most of which w i l l  be r epo r t ed  i n  

d e t a i l  i n  subsequent  p rog re s s  r e p o r t s .  

Adminis t ra t ive  Informat ion  

The g r a n t  management remains as desc r ibed  i n  t he  prev ious  progress  

r e p o r t s .  R e s p o n s i b i l i t y  f o r  po l i cy  and p r o j e c t  s e l e c t i o n  is ves t ed  i n  a 

s p e c i a l  committee headed by D r .  Fred Bu l l ,  Dean of t h e  Graduate School. 

General  a d m i n i s t r a t i o n  of t h e  g r a n t  and t h e  i n d i v i d u a l  p r o j e c t s  funded from 

t h e  g r a n t  is t h e  r e s p o n s i b i l i t y  of t h e  Research Div is ion  under t h e  

d i r e c t i o n  of D r .  Coyt Wilson. 

The c u r r e n t  membership of the  NASA N u l t i d i s c i p l i n a r y  Grant Committee 

is  a s  fo l lows:  

Dr, Fred W, Bul l ,  Chairman, Dean of t h e  Graduate School 



~ r ?  James A, Jacobs ,  Head, Department of Physics  

D r .  Daniel  F rede r i ck ,  P ro fe s so r ,  Department of Engineering Mechanics 

D r .  Pau l  B, S i e g e l ,  P ro fe s so r ,  Department of Pou l t ry  Science 

D r .  L e s l i e  F.  Malpass, Vice P r e s i d e n t  f o r  Academic A f f a i r s ,  ex- 
o f f i c i o  member (Dr. Malpass r e c e n t l y  succeeded D r .  Warren W. Brandt)  

D r .  Coyt Wilson, Acting Dean, Research Div i s ion ,  ex-of f  i c i o  member, 

Each p r i n c i p a l  i n v e s t i g a t o r  d e s i r i n g  suppor t  from t h e  NASA Mul t id i s -  

c i p l i n a r y  Grant is asked t o  submit a  b r i e f  p roposa l  t o  t h i s  committee f o r  

review and eva lua t ion .  The committee, o r  a s p e c i a l  -- ad hoc committee formed 

f o r  t h i s  purpose, makes t h e  s e l e c t i o n  and recommends funding. The Research 

Div is ion  n o t i f i e s  t h e  p r i n c i p a l  i n v e s t i g a t o r ,  h i s  department head and dean ,  

and sets up an a u d i t a b l e  account f o r  purposes of keeping t h e  f i s c a l  r e c o r d s  

of  t h e  p r o j e c t .  

F i n a n c i a l  In format ion  

The b a s i c  g r a n t  and supplements rece ived  t o  d a t e  a r e  a s  fo l lows:  

I d e n t i f i c a t i o n  Per iod  Amount Purpose 

NGR 47-004-006 March 1, 1965 3 y r s .  $200,000 The Bas ic  Grant-General 
Suppl. No. 1 Sept .  1, 1965 30 mo. 100,000 Phys ics  
Suppl. No. 2  Sept .  1, 1965 30mo.  50,000 Physics  
Suppl. No. 3  March 1, 1966 40 mo. 175,000 $25,000 Phys ics ,  $150,000 

General 
Suppl. No. 4  Sept .  1, 1966 3 y r s .  50,000 Physics  
Suppl. No. 5  Sept .  1, 1967 3 y r s .  36,000 Physics  
Suppl. No. 6  Sept .  1, 1967 3 y r s .  80,000 General 

T o t a l  $691,000 

The funds app rop r i a t ed  a s  shown above were f o r  two s p e c i f i c  and 

s e p a r a t e  space - r e l a t ed  purposes: (1) gene ra l  s c i e n c e  and engineer ing  

researel l  p r o j e c t s  and ( 2 )  r e sea rch  s p e c i f i c a l l y  i n  the  a r e a  of i n t e m e d i a t e -  

energy phys ics .  A t  t h e  o u t s e t ,  i t  appeared t o  be an a d m i n i s t r a t i v e  conven- 



i ence  t o  combine t h e s e  programs under one g r a n t .  This  proved not  t o  be 

t he  case,-however, and e f f e c t i v e  September 1, 1967, t he  suppor t  of i n t e r -  

mediate-energy phys ics  r e sea rch  was d i scont inued  under t h i s  g r a n t  number and 

superseded by NGR 47-004-033. A r e c a p i t u l a t i o n  of t h e  g r a n t  and supplements,  

d iv ided  according t o  purpose,  is shown below: 

General  Space-Related Research 

March 1, 1965 - February 29, 1966 $100,000 

March 1, 1966 - August 31, 1967 150,000 

September 1, 1967 - August 31, 1968 70,000 

September 1, 1968 - August 31, 1969 65,000 

September 1, 1969 - August 31, 1970 45,000 

S u b t o t a l  $430,000 

Intermediate-Energy Phys ics  261,000 

T o t a l  $691,000 

Table  I shows t h e  breakdown of t h e  manner i n  which va r ious  space- 

r e l a t e d  r e sea rch  p r o j e c t s  have been suppor ted  wi th  NASA funds up t o  t h e  

d a t e  of t h i s  p rog re s s  r e p o r t .  

Technica l  Reports  

This Admin i s t r a t i ve  and F i n a n c i a l  In format ion  r e p o r t  is i d e n t i f i e d  

a s  P a r t  1 of P rog re s s  Report No. 9 .  The major t e c h n i c a l  r e p o r t s  covering 

p rog re s s  on s e v e r a l  i n d i v i d u a l  p r o j e c t s  a r e  provided a s  s e p a r a t e  p a r t s  of 

t h i s  P rog re s s  Report No. 9 a s  fo l lows:  

P a r t  2 - "Determination of S e l e c t i v e  St imulus Cont ro l  by P a r t  of 

a Compound s ~ ' , "  F i n a l  Report ,  by D.F. Johnson, B.N. 

Kinder and G.N. Scarboro.  
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J'- 
P a r t  3 - "Time-Resolved X-ray D i f f r a c t i o n  bficroscopy: Development 

of a  New Technique," F i n a l  Report ,  by K.  Re i f sn ide r .  

P a r t  4 - "High Vacuum System and In s t rumen ta t i on  f o r  14easuring 

t h e  Der iva t ive  of t h e  Current-Voltage C h a r a c t e r i s t i c s  of  

a Langmuir Probe,"  F i n a l  Report by R.H. Bond and F.E. 

Baker, Jr . 
P a r t  5 - "A Fu l ly  Bakeable D.C.  Glow Discharge Tube f o r  Pleasurement 

of Di rec ted  E lec t ron  Veloc i ty  D i s t r i b u t i o n s  w i t h  a Langmuir 

Probe,"  F i n a l  Report by R.H. Bond and K.E. Sk r iv se th .  

P a r t  6 - "A Comparison of T h e o r e t i c a l  and Experimental D i r ec t ed  

E lec t ron  Veloc i ty  D i s t r i b u t i o n  i n  Rare Gas Discharges,"  

F i n a l  Report by R.H. Bond and M.G. Funk, Jr. 

Also a t t a c h e d  a s  P a r t  7 of t h i s  Progress  Report No. 9 is a Science 

Informat ion  Exchange form which provides  an a b s t r a c t  f o r  one p r o j e c t  f o r  

which such a form has  n o t  p r ev ious ly  been submi t ted .  

I n  a d d i t i o n  t o  t h e  major r e p o r t s  which comprise t he  fo l lowing  p a r t s  

of P rog re s s  Report No. 9 ,  b r i e f  r e p o r t s  of  p rogress  on s e v e r a l  o t h e r  p r o j e c t s  

are inc luded  i n  t h i s  P a r t  1. I n  some i n s t a n c e s  i n v e s t i g a t o r s  supp l i ed  

a d d i t i o n a l  more e x t e n s i v e  p rog re s s  r e p o r t s  and t h e s e  a r e  inc luded  a s  

P a r t  8 of t h i s  P rog re s s  Report No. 9. The b r i e f  p rogress  r e p o r t s  a r e  a s  

fo l lows  : 

11 1. I n t e r a c t i o n  of 5 0 ~ i  with  Pro tons  and Neutrons," by R . J .  Onega. 

2. "Effec t  of  Weight lessness  on C e l l u l a r  and S u b c e l l u l a r  Metabolism 

i n  Human C e l l s , "  by R.R. Schmidt. 

3,  "0rgano-Cobalt Oxygen-Carrying Complexes," by L , T ,  Taylor .  

4. "KotationaL Plotions o f  a  S a t e l l i t e , "  by F.1I. Lutze,  Jr ,  



5 ,  "The E f f e c t s  of R e s t r i c t e d  Xovement on P r o t e i n  Metabolism and 

Body Composition," by S . J .  Ritchey. 

G .  "E lec t roca t a lys i s  of t h e  Oxidation of Organic Fuel  Ma te r i a l s  

Using an Oxidation-Reduction Couple a s  Ca ta lys t , "  by J . G .  

Mason. 

7. Var iab le  Parameter Network Design," by H.F. VanLandingham. 

8. "?lethod f o r  Ca lcu la t ing  t h e  Flow F ie ld  Over Aerodynamic 

Decelera tors  , I '  by F.R. DeJame t t e .  

9. "Preparat ion of Glass-Ceramic Composites by Cont ro l led  C r y s t a l l i -  

z a t i o n  Techniques, " by J . J. Brown. 

10. "Effect  o f  Water Vapor on t h e  Burning Rate of  Aluminum and 

Elagnesium \?ire ,"  by C.H. Long. 

11. "A Theore t i ca l  I n v e s t i g a t i o n  of LOW Mass Meteroid Cut-off," 

by R . J .  Adler.  

12. "The Psychophysiological  Cor re l a t e s  of  Learning," by J. 

Germana. 

13. "Harmonic Vibra t ions  of V i s c o e l a s t i c  Layered Media,'' by D. 

Frederick.  

14. "Charac ter iza t ion  of Anerobes from the  Normal Human Flora ,"  

by J.J. Johnson ( f o r  W.E.C. Moore). 

15. "A Study of Spacecraf t  Powerplant Condensers," by W.P. Goss. 

1 6 ,  "Transport Phenomena i n  Metals ,"  by J.  Long. 

Report KO. 1 - " I n t e r a c t i o n  of 5 0 ~ i  with  Protons and Neutrons" 

P r i n c i p a l  Inves t iga to r :  R . J  , Onega 
Department of Physics  

The i n t e r a c t i o n  of proeons and neut rons  on t i t an ium is an important 

cons ide ra t ion  f o r  space  t r a v e l  due t o  t h e  biologicaE damage cha t  may r e s u l t  



from cosmic ray~~gmpingirmg on t h e  space  c r a f t  m a t e r i a l .  The purpose 

of t h i s  work was t o  i n v e s t i g a t e  t h e  gamma rays  emi t ted  from t h e  ( P , r ) ,  

(P,Pt6) r e a c t i o n s  and the  gamma rays  fo l lowing  the  b e t a  decay of  5 0 ~ i  

5 1 produced by the  5 0 ~ i ( n , r )  T i  r e a c t i o n .  

There were t h r e e  gamma rays  emi t t ed  fo l lowing  the  b e t a  decay of  51~i. 

The i r  e n e r g i e s  were 0.319, 0.613 and 0.934 l1eV wi th  r e l a t i v e  i n t e n s i t i e s  of  

100, 3.75 - 4- 0.4 and 8.8 - 4 0.8 r e s p e c t i v e l y .  The h a l f  l i f e  f o r  t h e  decay 

of " ~ i  was 5.80 min. The 51~i sample was made by pneumatical ly  f i r i n g  

a sample of  50~ i  i n t o  t h e  VPI 100 keV r e a c t o r  whose f l u x  was 1012 n/cm2-sec 

and i r r a d i a t i n g  f o r  about 1 minute.  The sample was then withdrawn from 

t h e  r e a c t o r  and counted. 

51  The W I  Van de  Graaf a c c e l e r a t o r  was used t o  s tudy  t h e  'OT~(P,F)  V 

50 and 5 0 ~ i ( ~ , ~ ' r )  T i  r e a c t i o n s .  Only t h e  gamma rays  were observed a f t e r  t h e  

r e a c t i o n  s o  t h a t  no d i f f e r e n t i a t i o n  of  t h e  gamma rays  a r i s i n g  from t h e  

(P ,g) and (P ,P'&") r e a c t i o n s  was made. The experiments  were c a r r i e d  o u t  

a t  1.5 MeV,  2.25 MeV and 3.0 MeV incoming pro ton  beam energy. The 5 0 ~ i  

was depos i t ed  on a bismuth backing and i n s e r t e d  i n t o  t h e  pro ton  beam. The 

gamma r a y s  were observed wi th  a NaI(T1) d e t e c t o r  and t h e  end p o i n t  energy 

was about  10  MeV f o r  t h e  3 MeV incoming pro ton  beam and about 8.5 MeV f o r  

t h e  1.5 incoming pro ton  beam. 

The pro ton  i n t e r a c t i o n  gamma rays  could produce a  r a d i a t i o n  hazard  

f o r  t h e  men i n  t h e  space  v e h i c l e .  The cosmic r ays  themselves would 

produce neut rons  by i n t e r a c t i o n s  w i th  space  v e h i c l e ,  t h e  neut rons  i n  

t u r n  would c o n s t i t u t e  a  hazard t o  t h e  personnel .  The neut rons  could a l s o  

g i v e  r i s e  t o  a gamma ray  environment due t o  t h e  ( n , t )  r e a c t i o n s  a s  

w e l l  a s  t h e  f a c t  t h a t  r a d i o a c t i v e  n u c l e i  would be produced and e m i t  

r a d i a r i o n  a f t e r  t h e  b e t a  decay of  nuc leus .  



Report No. 2 - a r  and S u b c e l l u l a r  
Mqtrabolism i n  liunlan Cells " 

P r i n c i p a l  I n v e s t i g a t o r :  R.R.  Schmidt 
Department of Biochemistry and N u t r i t i o n  

One major g o a l  of  t h e  f i r s t  phase of t h i s  r e sea rch  p r o j e c t  was t o  e l u c i -  

d a t e  t h e  biochemical  mechanisms r e g u l a t i n g  the  s y n t h e s i s  of enzymes l o c a t e d  

w i t h i n  s u b c e l l u l a r  o r g a n e l l e s  and t h e  cytoplasm of euka ryo t i c  c e l l s  dur ing  

t h e i r  ce l l  cyc l e .  Exce l l en t  p rog re s s  has  been made i n  t h i s  a r e a  i n  t h e  

l a s t  6 months. 

1. Carboxydismutase, an enzyme s o l e l y  l o c a t e d  i n  t he  c h l o r o p l a s t ,  is  

s y n t h e s f z c d . d u r i n g  t h e  e a r l y  p a r t  of t h e  c e l l  cyc l e  when n e i t h e r  t h e  

c h l o r o p l a s t  no r  n u c l e a r  DHA i s  r e p l i c a t i n g ,  t hus  e l i m i n a t i n g  t h e  p roposa l  

t h a t  gene t r a n s c r i p t i o n  (read-out of t h e  g e n e t i c  code) i s  o b l i g a t e l y  

coupled t o  gene r e p l i c a t i o n .  Comparison of r a t e s  of s y n t h e s i s  of t h e  

enzyme i n  daughter  c e l l s ,  having rece ived  a p r i o r  dark  t r ea tmen t ,  t o  t hose  

s e l e c t e d  from cont inuous ly  l i g h t e d  c u l t u r e s  wi th  F i c o l l  g r a d i e n t s  in -  

d i c a t e s  t h a t  t h e  r a t e  of s y n t h e s i s  of t h i s  enzyme is  c o n t r o l l e d  p r i m a r i l y  by 

end-product r e p r e s s i o n .  The s t r u c t u r a l  gene f o r  t h i s  enzyme appears  t o  

be f u l l y  de rep re s sed  fo l lowing  a  6 hour dark  pe r iod .  

2. I n  c o n t r a s t  t o  carboxydismutase,  t h e  cytoplasmic form of  t h e  enzyme 

a s p a r t a t e  t ranscarbamylase ,  appears  t o  be synthes ized  i n  d i r e c t  p a r a l l e l  

w i t h  t h e  r e p l i c a t i o n  of nuc l ea r  DNA, sugges t ing  t h a t  t h e  s y n t h e s i s  of 

t h i s  enzyme is  coupled t o  t h e  r e p l i c a t i o n  of DNA o r  t h a t  the  s t r u c t u r a l  

gene of t h i s  enzyme is  f u l l y  repressed  a t  a l l  t imes.  That t he  l a t t e r  

p o s s i b i l i t y  is c o r r e c t  comes from t h e  f i n d i n g  t h a t  u r a c i l  added t o  t h e  c u l t u r e  

does no t  f u r t h e r  r e p r e s s  t h e  s y n t h e s i s  of t h i s  enzyme. I n  t h e s e  s t u d i e s ,  

u r a c i l  was shown t o  e n t e r  tlte c e l l  and t o  be used f o r  RNA s y n t h e s i s .  

3.  Two forms of g lu tamic  dehydrogenase have been d iscovered  i n  C h l o r e l l a ,  



one r e q u i r i n g  DPNR and t h e  o t h e r  TPNH a s  a  coenzyme. The s y n t h e s i s  o f  

t h e s e  two isoenzyme appears  t o  be  independent ly  c o n t r o l l e d  du r ing  t h e  

c e l l  cyc l e .  The i n t r a c e P l n l a r  l o c a t i o n  of  t h e s e  enzymes i s  c u r r e n t l y  

be ing  i n v e s t i g a t e d .  

4 .  New procedures  f o r  t h e  e x t r a c t i o n  and q u a n t i t a t i o n  o f  t o t a l  

c e l l u l a r  DNA were developed. 

5, S t u d i e s  on e s t ima t ing  t h e  p u r i t y  of  c h l o r o p l a s t s  and mitochondria  

i s o l a t e d  on d i s c o n t i n o u s  and cont inuous d e n s i t y  g r a d i e n t s  of suc rose  

were a l s o  performed.  

Report No. 3 - "Organo-Cobal t Oxygen-Carrying Complexes" 

P r i n c i p a l  I n v e s t i g a t o r :  L. T.  Taylor  
Department of  Chemistry 

The pr imary  g o a l s  of t h i s  r e s e a r c h  a r e  (1) t o  s y n t h e s i z e  

s t r u c t u r a l l y  r e l a t e d  b u t  e l e c t r o n i c a l l y  d i f f e r e n t  coba l t  (11) complexes 

which r e v e r s i b l y  add oxygen and determine t h e i r  s t a b i l i t y  t o  r epea t ed  

c y c l i z a t i o n s  and (2)  t o  completely d e s c r i b e  t h e  i n t e r a c t i o n  o r  bonding 

between t h e  oxygen molecule  and c o b a l t  complex by a p p l i c a t i o n  of  a s  many 

of t h e  modern s t r u c t u r a l  t echniques  a s  p o s s i b l e .  The oxygen adducts  o f  

such compounds would probably have t h e  fo l lowing  p o s t u l a t e d  s t r u c t u r e  

where X may be a v a r i e f y  of donor a toms,of  d i f f e r i n g  l i g a n d  f i e l d  s t r e n g t h s .  

I-x'-"/ 
S ince  commencement of t h i s  r e sea rch  p r o j e c t  (January 1, 1969) e f f o r t s  

have been channe l l ed  toward (I) syn thes i z ing  the  pen taden ta t e  1igands 

which a r e  r e q u i r e d  f o r  complexation wi th  c o b a l t  (II), ( 2 )  ga in ing  a b e t t e r  



understanding of t h e  non-oxygenated complexes of c o b a l t  (11) ,  n i c k e l  (11) and 
J 

copper  (11) wi th  s e v e r a l  of t he se  pen taden ta t e  l i g a n d s  and (3) t h e  c o n s t r u c t i o n  

of a  magnetic s u s c e p t i b i l i t y  ba lance .  

A t  t he  o u t s e t  of t h i s  work only  one of t h e  d e s i r e d  pen taden ta t e  l i g a n d s  

was known, SALDPT (n=3, X=N-H). The fo l lowing  l i g a n d s  have now syn thes i zed  

and c h a r a c t e r i z e d :  SALDIEN (n=2, X=N-H), SALDAES (n-2, X=S), SALDAPE 

(n=3, X=O) and SALDAPS (n=3, X=S). These l i g a n d s  have been prepared by t h e  

i n t e r a c t i o n  of s a l i c y l a l d e h y d e  wi th  t h e  corresponding polyamine, which i n  

s e v e r a l  ca se s  had no t  been syn thes i zed  p rev ious ly ,  i n  a  Schi f f  base  r e a c t i o n .  

It was f e l t  t h a t  an adequate  knowledge of  t h e  p recu r so r s  was necessary  

f o r  any r e s u l t s  concerning t h e  oxygen adducts  t o  be meaningful.  Therefore  

t h e  p h y s i c a l ,  chemical and s t e rochemica l  p r o p e r t i e s  of t he  non-oxygenated 

complexes of  c o b a l t  (11) as w e l l  a s  n i c k e l  (11) and copper (XI) were inves-  

t i g a t e d .  The l a t t e r  two me ta l  i o n s  were inc luded  i n  hopes t h a t  t h e  r e s u l t s  

ga ined  from t h e s e  metal ion  systems would a i d  i n  unrave l ing  the  f a c t o r s  

r e spons ib l e  f o r  r e v e r s i b l e  oxygenat ion w i t h  c e r t a i n  c o b a l t  systems. ( i . e ,  

Chemical and s t r u c t u r a l  t h e o r i e s  a r e  cons iderab ly  advanced i n  r e l a t i o n  t o  

c o b a l t  complexes and n i c k e l  and copper systems a r e  less s u s c e p t i b l e  t o  

a t t a c k  by oxygen.) 

Complexes of  t h e  p rev ious ly  mentioned metal i o n s  have been prepared  

wi th  SALDIEN and SALDAES. Complexes of g e n e r a l  formula M(SALDIEN), M(SALDAES) 

and EI(SALDAES) (H20) have been i s o l a t e d .  Magnetic and spectrophotome t r i c  

s t u d i e s  have shown t h e  s t e r eochemis t ry  of t h e s e  complexes t o  be fou r  

coo rd ina t e  squa re  p l a n a r ,  h igh  s p i n  f i v e  coo rd ina t e  and pseudo o c t a h e d r a l  

s i x  coo rd ina t e  r e s p e c t i v e l y .  The r e s u l t s  wi th  M(SALD1EN) have proven 

i n t e r e s t i n g  i n  t h a t  on ly  four  of t h e  p o t e n r i a l l y  f i v e  donor atoms of SALDIEN 

appear  t o  be coord ina ted  t o  t h e  meta l  i on  whereas a l l  f i v e  donor atoms of  
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S a U A E S  a r e  be l ieved  t o  be coord ina ted ,  S tud i e s  w l t h  n i c k e l  and copper 

were e s p e c i a l l y  uf;eEul i n  t h i s  r e g a r d ) ,  Tlzese Eiixdings may be r a t i o n a l i z e d  

on t h e  b a s i s  of t h e  r e l a t i v e  s i z e s  of t h e  unique clonor atom i n  each l i gand .  

A s tudy  O F  s tereomodels  of complexes wi th  t h e s e  two l i g a n d s  r e v e a l s  t h a t  

w i t h  n=2 t h e  l i gand  must undergo q u i t e  s eve re  s t r a i n  i n  o rde r  f o r  t h e  X 

donor atom t o  reach a  f i f t h  coord ina t ion  p o s i t i o n  on t h e  meta l .  S u l f u r  

be ing  a  l a r g e r  atom than  n i t r o g e n  a s  evidenced by i t s  g r e a t e r  van d e r  LJaal's 

r a d i u s  is more a b l e  t o  reach  t h i s  coo rd ina t ion  p o s i t i o n  on t h e  meta l .  S u l f u r  

be ing  a l a r g e r  atom than n i t r o g e n  a s  evidenced by i t s  g r e a t e r  van d e r  Waal's 

r a d i u s  is  more a b l e  t o  reach  t h i s  coo rd ina t ion  p o s i t i o n  than is  n i t r o g e n .  

This  i n t e r p r e t a t i o n  is  suppor ted  by independent f i n d i n g s  concerning complexes 

of SALDPT (n=3, X=N-H) t h a t  show t h e  secondary n i t r o g e n  coord ina ted .  I n  

o t h e r  words, t h e  methylene carbon cha in  has  been inc reased  by two carbons 

which al lows t h e  n i t r o g e n  atom t o  more e a s i l y  approach t h e  f i f t h  coo rd ina t ion  

p o s i t i o n  of t h e  meta l .  

P r e s e n t l y ,  r e a c t i v i t y  of t h e  c o b a l t  complexes of SALDIEN and SALDAES 
$ 

toward oxygen is  suspec ted  but  no conc lus ive  ev idence  is  a v a i l a b l e .  The 

r e a c t i v i t y  of t h e s e  m a t e r i a l s  i n  s o l u t i o n  and i n  t h e  s o l i d  s t a t e  wi th  

oxygen under a  v a r i e t y  of cond i t i ons  is planned. React ions of c o b a l t  (11) with  

o t h e r  a p p r o p r i a t e l y  designed l i gands  is  a l s o  a n t i c i p a t e d  i n  t h e  nea r  f u t u r e .  

~ x ~ e r i m e n t s  dea l ing  wi th  t h e  k i n e t i c s  of oxygenation of known c o b a l t  systems 

v i a  an e l e c t r o n  s p i n  resonance technique a r e  a l s o  planned i n  con junc t ion  

wi th  P ro fe s so r  R.E. Dessy of t h i s  department.  

Along wi th  t h i s  experimental  work, some e f f o r t  has  been d i r e c t e d  

toward t h e  c o n s t r u c t i o n  of  bo th  Gouy and Faraday magnet ic  s u s c e p t i b i l i t y  

ba l ances .  It i s  be l i eved  t h a t  t h e  s p i n  s t a t e  of t h e  me ta l  atom p l ays  a 

major r o l e  i n  de te rmin ing  whether r e v e r s i b l e  oxygenat ion w i l l  t ake  p l ace .  

Cons t ruc t ion  of  t h i s  f a c i l i t y  w i l l  enab le  in format ion  of  t h i s  type  t o  be  

ob t a ined  more r e a d i l y .  



Report No. 4 - "Rota t iona l  Motions of a  S a t e l l i t e "  

P r i n c i p a l  I n v e s t i g a t o r :  F. H.  Lutze,  Jr.  
Department of Aerospace Engineering 

I n  t h i s  i n v e s t i g a t i o n ,  t h e  in-plane r o t a t i o n a l  motion of an a r b i t r a r y  

shaped s a t e l l i t e  i s  s t u d i e d  f o r  t h e  p o s s i b i l i t y  of "locked-in" motion a t  

r o t a t i o n a l  r a t e s  h ighe r  than  one r o t a t i o n  per  o r b i t  r e v o l u t i o n  (1/1) .  

The motion of t h e  p l a n e t  Mercury r e l a t i v e  t o  t h e  Sun (312) sugges ts  t h a t  

h ighe r  r o t a t i o n a l  l ocks  a r e  p o s s i b l e .  

The p r i n c i p a l  parameters  involved i n  such "lock-in" motion a r e  t h e  

shape of t h e  e l l i p t i c a l  o r b i t ,  determined by t h e  o r b i t  e c c e n t r i c i t y ,  e ,  

(O<et l )  - and t h e  shape of t h e  s a t e l l i t e  determined by t h e  s a t e l l i t e  parameter ,  

a ,  where a  = 0  corresponds t o  a  s p h e r i c a l  s a t e l l i t e  and a = 1, a dumbell shaped 

s a t e l l i t e .  Consequently t h e  i n v e s t i g a t i o n  i s  broken down i n t o  s tudying  t h e  

motion f o r  two s i t u a t i o n s :  (1) sma l l  a ,  a r b i t r a r y  e ;  and (2) a r b i t r a r y  a  and e .  

Small a case  

For a  = 0 ,  t h e  s a t e l l i t e  exper iences  no g r a v i t a t i o n a l  to rque  and 

consequently cont inues  t o  r o t a t e  a t  i t s  o r i g i n a l  r a t e  r e g a r d l e s s  of t he  

e c c e n t r i c i t y  of t h e  o r b i t .  Such a  s o l u t i o n  se rves  a s  a  gene ra t ing  s o l u t i o n  

f o r  t h e  case  of sma l l  a .  The averaging technique of Kryloff  and Bugoliuboff 

a s  app l i ed  by Chernous'ko (1963) was used t o  i n v e s t i g a t e  t h i s  ca se  and t h e  

main r e s u l t s  a r e  o u t l i n e d  he re .  ( s ee  f i g u r e )  

(1)  Locked-in motion i s  p o s s i b l e  f o r  locks  given a s  1112, where n  i s  

an i n t e g e r .  

(2) The e c c e n t r i c i t y  f o r  which a  given lock  reaches i t s  s t r o n g e s t  

locked-in motion i n c r e a s e s  w i th  r o t a t i o n a l  lock .  

(3 )  I n  most ca ses ,  t he  a x i s  of l e a s t  moment of i n e r t i a  must be n e a r l y  

a l igned  wi th  t h e  r ad ius  v e c t o r  a t  pe r i apse  f o r  a  s t a b l e  r o t a t i o n a l  l ock ,  



Arb i t r a ry  a  and e  case  

The in-plane r o t a t i o n a l  equat ion  of motion f o r  a  s a t e l l i t e  has  been 

shown t o  have odd 2T p e r i o d i c  s o l u t i o n s .  These s o l u t i o n s  have been shown 

t o  extend t o  t h e  case  where t h e  s a t e l l i t e  i s  i n  an n/2 r o t a t i o n a l  lock .  The 

" i n i t i a l "  cond i t i ons  a t  p e r i a p s e  f o r  such p e r i o d i c  s o l u t i o n s  were determined 

f o r  v a r i o u s  va lues  of t h e  parameters  a  and e. Small d i s tu rbances  about t he  

p e r i o d i c  s o l u t i o n s  were considered and t h e  r e s u l t i n g  l i n e a r  equat ions  were 

i n v e s t i g a t e d  by numerical  i n t e g r a t i o n s .  Floquet theory  w a s  app l i ed  t o  determine 

s t a b i l i t y  of  t h e  p e r i o d i c  s o l u t i o n s .  Second o rde r  terms i n  t h e  sma l l  d i s -  

turbances a r e  now be ing  i n v e s t i g a t e d  i n  o rde r  t o  f i n d  the  range of v a l i d i t y  

f o r  t h e  s t a b i l i t y  r e s u l t s .  

Non-periodic s o l u t i o n s  a r e  being i n v e s t i g a t e d  f o r  t h e i r  s t a b i l i t y  by 

a s t roboscop ic  a n a l y s i s  i n  t h e  phase p l ane  us ing  t h e  r e s u l t s  of numerical  

i n t e g r a t i o n .  It i s  in tended  t o  c o r r e l a t e  t h e  r e s u l t s  of t h i s  i n v e s t i g a t i o n  

i n  a manner which w i l l  enab le  l o c k  s t r e n g t h ,  s a t e l l i t e  parameter and o r b i t  

e c c e n t r i c i t y  t o  be r e l a t e d  a s  i n  t h e  sma l l  a  case .  
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Report No. 5 - ''The E f f e c t s  of R e s t r i c t e d  Movement on P r o t e i n  Metabolism and 
Body Composition" 

P r i n c i p a l  I n v e s t i g a t o r :  S .  J .  Ritchey 
Department of Human N u t r i t i o n  and Foods 

The e f f e c t s  of c e r t a i n  condi t ions  imposed upon man i n  space ventures  

on body composition and p r o t e i n  metabolism a r e  cont inuing  under t h i s  p r o j e c t .  

An experiment designed t o  t e s t  t h e  e f f e c t s  of s eve re  weight l o s s  a s  a  r e s u l t  

of r e s t r i c t e d  movement upon recovery of weight and l eng th  of l i f e  i s  pres-  

e n t l y  i n  progress .  Pre l iminary  d a t a  from t h i s  experiment a r e  r epo r t ed  he re in .  

Adult  r a t s  were ass igned  t o  weight groups and then  t o  one of t h r e e  

t rea tments  : 

1. R e s t r i c t e d  movement - housed i n  sma l l  r e s t r i c t i o n  u n i t s  s o  t h a t  

t h e r e  was a  minimum of movement. Given access  t o  food and water  

one hour d a i l y .  

2. Pair-fed c o n t r o l s  - each r e s t r i c t e d  animal (Group 1) had a  p a i r  

mate i n  t h i s  group. The p a i r  mate was no t  r e s t r i c t e d  i n  movement, 

b u t  was g iven  t h e  same amount of food a s  t h e  r e s t r i c t e d  mate. 

3 .  Ad Libitum Control  - allowed f r e e  movement and both  feed  and 

water  were a c c e s s i b l e  a t  a l l  t imes.  

During t h e  r e s t r i c t e d  pe r iod ,  both t h e  r e s t r i c t e d  animals and t h e  pa i r -  

fed  c o n t r o l s  l o s t  cons ide rab le  weight (Table 1 ) .  The amount of weight l o s s  was 

g r e a t e r  i n  t h e  r e s t r i c t e d  an imals ,  thus  sugges t ing  t h a t  r e s t r i c t i o n  p e r  s e  

may be a major determinant .  S t a t i s t i c a l  ana lyses  have no t  been accomplished 

a t  t h e  t ime of t h i s  r e p o r t ,  b u t  i n  seven of t h e  n ine  p a i r s  t h e  r e s t r i c t e d  

animal l o s t  more weight .  



T a b l e  I. Changes i n  we igh t  d u r i n g  7-day p e r i o d  of 
r e s t r i c t e d  movement 1 

Treatment  Av. I n i t i a l  Wt. Av. F i n a l  W t  . Change i n  
(.> 0 w t .  (2) 

R e s t r i c t e d  Movement 208.1 159.2  -23.5 

Pair-Fed C o n t r o l  208.2 170 .3  -18.2 

Ad Lib i tum C o n t r o l  208.7 230.7 +lo.  5 

A f t e r  a 7-day r e s t r i c t i o n  p e r i o d ,  a l l  an imals  were a l lowed f e e d  and w a t e r  

ad  l i b i t u m .  Both t h e  r e s t r i c t e d  and t h e  p a i r - f e d  c o n t r o l s  r e g a i n e d  w e i g h t  q u i t e  

r a p i d l y  (Tab le  2 ) ,  a l t h o u g h  n e i t h e r  group weighed a s  much as t h e  ad l i b i t u m  

c o n t r o l s  a f t e r  56 d a y s  o f  f r e e  movement. Data w i l l  be c o l l e c t e d  t o  d e t e r m i n e  

t h e  e f f e c t  o f  s e v e r e  r e s t r i c t i o n  and l o s s  i n  weight  upon l e n g t h  of l i f e .  

T a b l e  2.  Changes i n  we igh t  d u r i n g  r e c o v e r y  p e r i o d  
f o l l o w i n g  r e s t r i c t e d  movement 1 

W t .  a t  End Weights Fol lowing 
Treatment  I n i t i a l  W t .  o f  R e s t r i c t i o n  P e r i o d  of R e s t r i c t i o n  

( g >  ( R )  D a y 7  D a y 2 8  D a y 5 6  

R e s t r i c t e d  Movement 208.1  159.2  204.0 315.9 378.5 

Pair -Fed C o n t r o l  208.2 1 7 0 . 3  215.6 313.3 368.3 

Ad Lib i tum C o n t r o l  208.7 230.7 253.8  330.0 394.0 

Another exper iment  des igned  t o  d e t e r m i n e  changes i n  i n d i v i d u a l  t i s s u e  

components d u r i n g  r e s t r i c t i o n  and weigh t  l o s s  i s  b e i n g  p lanned .  

l ~ a t a  a r e  a v e r a g e  o f  9 an imals  p e r  group.  



Report  No. 6 - "1-cctrocatalysis of tire O x i d a t i o n  o f  Organic  171~el M a t e r i a l s  
Using an Oxida t i  on-Reduction Coup Le as C a t a l y s t "  

P r i n c i p a l  Lnxres t i g a t o r :  J .  G.  Mason 
Department of Cliemistry 

A s  r e p o r t e d  p r e v i o u s l y ,  t h e  c u r r e n t  i n v e s t i g a t i o n  h a s  been d i v i d e d  i n t o  

two p a r t s :  

(1 )  t h e  i n v e s t i g a t i o n  o f  t h e  o x i d a t i o n  of a l i p h a t i c  a l c o h o l s  w i t h  

e l e c t r o g e n e r a t e d  h a l o g e n s ,  and 

(2) p l a t i n u m  c a t a l y s i s  of r edox  p r o c e s s e s .  

For p a r t  ( I ) ,  t h e  r e s u l t s  of t h e  C 1 2  o x i d a t i o n  of i s o p r o p a n o l  are b e i n g  

p r e p a r e d  f o r  p u b l i c a t i o n .  The r e s u l t s  p r e v i o u s l y  r e p o r t e d  f o r  t h e  B r 2  ox ida-  

t i o n  have been  conf i rmed i n  d e t a i l  u s i n g  s p e c t r o p h o t o m e t r i c  measurement. The 

rates a p p e a r  t o  be  markedly s e n s i t i v e  t o  a c i d i t y  and t o  i n d i c a t e  c o n s i d e r a b l y  

more m e c h a n i s t i c  complex i ty  t h a n  t h e  C 1 2  o x i d a t i o n .  The r e s u l t s  o f  t h i s  

s t u d y  i n d i c a t e  t h a t  C 1 2  i s  t h e  s i m p l e  ha logen  o f  c h o i c e  t o  d a t e .  O x i d a t i o n s  

o f  o t h e r  a l c o h o l s  h a v e  been  accomplished,  however,  t h e  p r o d u c t s  a r e  r a p i d l y  

c h l o r i n a t e d  d e s t r o y i n g  t h e  c a t a l y t i c  e f f i c i e n c y .  I n v e s t i g a t i o n s  i n t o  mixed 

ha logens  a s  o x i d a n t s  are b e i n g  i n i t i a t e d .  

P a r t  (2)  h a s  been concerned w i t h  t h e  r e p o r t e d  c a t a l y s i s  o f  t h e  T l ( I I 1 )  - 

Fe( I1)  r e a c t i o n  by s h e e t  p la t inum.  C u r r e n t  work h a s  conf i rmed t h e  r e p o r t e d  

d a t a  on t h e  t h e r m a l  rate and demons t ra ted  t h a t  t h e  c a t a l y s i s  i s  a  f u n c t i o n  of 

t h e  n a t u r e  o f  t h e  p l a t i n u m  s u r f a c e .  P l a t i n u m  e l e c t r o d e s  which have been 

p r e o x i d i z e d  e x h i b i t  v i r t u a l l y  no c a t a l y t i c  e f f e c t .  Pre-reduced e l e c t r o d e s  

show c a t a l y s i s .  E l e c t r o d e  p o t e n t i a l s  have been measured a s  a  f u n c t i o n  of t h e  

r e a c t i o n  t i m e  f o r  b o t h  t h e  t h e r m a l  and c a t a l y z e d  rates. It a p p e a r s  t h a t  t h e s e  

p o t e n t i a l s  a r e  n o t  a d e q u a t e l y  d e s c r i b e d  by c o n s i d e r i n g  e q u i l i b r i u m  p r o c e s s e s  

a t  t h e  p l a t i n u m  s u r v a c c s .  The p r e v i o u s  work o f  o t h e r s  (Gi lks  and Waind, D i s c ,  

Faraday Soc.  2, 135 (1960))  r e p o r t e d  t h a t  t h e  e f f e c t  o f  p l a t i n u m  was due 



n o t  t o  c a t a l y s i s  of t h e  primary r e a c t i o n  hu t  t o  t h e  e l i m i n a t i o n  of t h e  back 

r e a c t i o n  of equat ion  ( 1 ) .  

The c a t a l y t i c  e f f e c t  a r i s e s  from a c c e l e r a t i o n  of r e a c t i o n  (2 ) .  Resu l t s  

ob ta ined  i n  t h i s  l a b o r a t o r y  i n d i c a t e  t h a t  both precondi t ion ing  of t h e  e l e c t r o d e  

and e l e c t r o d e  s i z e  a r e  v i t a l  f a c t o r s  i n  determining t h e  measured r a t e s .  While 

s imple  k i n e t i c s ' a r e  obta ined  i n  t h e  presence  of P t ,  t h e  magnitude of k  
1 

i s  s i g n i f i c a n t l y  l a r g e r  t han  t h a t  measured f o r  t h e  thermal  r a t e .  P r e s e n t l y ,  t he  

i n v e s t i g a t i o n  of t h e  r e l a t i o n  between t h e  p o t e n t i a l  of t h e  e l e c t r o d e  s u r f a c e  and 

t h e  c a t a l y t i c  e f f e c t  us ing  c o n t r o l l e d  p o t e n t i a l  e l e c t r o l y s i s  techniques i s  i n  

progress .  

Report No. 7 - "Variable  Parameter Network Designtt 

P r i n c i p a l  I n v e s t i g a t o r :  H.  F. VanLandingham 
Department of E l e c t r i c a l  Engineering 

The p r o j e c t  h a s  been delayed i n  o rde r  t o  develop an appropr i a t e  back- 

ground i n  a  r e sea rch  a s s i s t a n t .  Up t o  t h i s  t ime,  primary e f f o r t  has  been d i r e c t e d  

toward equipment a c q u i s i t i o n  - c i r c u i t  components and t e s t  equipment have been 

obta ined .  

Report No. 8 - "Method f o r  Ca lcu la t ing  t h e  Flow F ie ld  Over Aerodynamic 
Decelera tors"  

P r i n c i p a l  I n v e s t i g a t o r :  F.  R.  DeJarne t te  
Department of Aerospace Engineering 

The purpose of t h i s  research  i s  t o  develop a  method f o r  c a l c u l a t i n g  

t h e  flow f i e l d  over  aerodynalrlic d e c e l e r a t o r s  whicll are  deployed ~ I I  the waltc 



of a  v e h i c l e  t r a v e l i n g  a t  supe r son ic  speeds.  For t h e  d e c e l e r a t o r ,  t he  wake 

produces a  nonuniform f r e e  s t ream which has been found t o  cause t h e  d e c e l e r a t o r  

f low-f ie ld  t o  d e v i a t e  s i g n i f i c a n t l y  from t h a t  of a  uniform f r e e  s t ream. 

Previous r e sea rch  a t  VPI has a l s o  shown t h a t  boundary l a y e r  s e p a r a t i o n  can 

occur ,  even on such s imple  shapes a s  poin ted  cones. The n e t  r e s u l t  i s  a  l a r g e  

change i n  t h e  aerodynamic performance of d e c e l e r a t o r s ,  e .g .  drag and s t a b i l i t y  

c o e f f i c i e n t s ,  when compared wi th  t h e  performance f o r  a  uniform f r e e  s t ream. 

The c u r r e n t  approach i s  t o  formulate  a method t o  c a l c u l a t e  t h e  i n v i s c i d  

flow f i e l d  and then  use  t h e  s u r f a c e  s o l u t i o n  from t h i s  method t o  c a l c u l a t e  

t h e  boundary l a y e r  p r o p e r t i e s  up t o  t h e  s e p a r a t i o n  p o i n t .  Beyond t h e  p o i n t  

of boundary l a y e r  s e p a r a t i o n ,  t h e  i n v i s c i d  s o l u t i o n  w i l l  be  cont inued us ing  a  

f r e e  s t r eaml ine  i n s t e a d  of t h e  body s u r f a c e  a s  t h e  i n n e r  boundary. 

The i n v i s c i d  f low-f ie ld  method i s  be ing  developed from a  modified form 

of a  combined i n v e r s e  method - method of c h a r a c t e r i s t i c s ,  which was developed 

by Inoyue, Rakich, and Lomax i n  NASA TN D-2970. I n  p a r t i c u l a r  t h e  shock 

wave cond i t i ons  must account f o r  t h e  nonuniform f r e e  s t ream,  and t h e  i n n e r  

boundary beyond t h e  s e p a r a t i o n  p o i n t  must be a  f r e e  s t r eaml ine .  Laminar 

boundary l a y e r  computat ions,  up t o  t h e  s e p a r a t i o n  p o i n t ,  w i l l  be  performed 

by t h e  method of Davis and Flugge-Lotz (J. F lu id  Mechanics, 1964).  

P r e s e n t l y ,  t h e  i n v i s c i d  f low-f ie ld  method i s  be ing  programmed f o r  

po in ted  and b lunted  cones a t  ze ro  ang le  of a t t a c k .  Experimental wake p r o f i l e s  

(determined by Campbell and Grow, NASA TN D-5365) w i l l  b e  used a s  t h e  non- 

uniform f r e e  s t ream i n  t h e  f low-f ie ld  computations. 

Report No. 9  - "Prepara t ion  of Glass-Ceramic Composites by Cont ro l led  
- s t a l l i z a t i o n  ~ e c h n i ~ u e s "  

P r i n c i p a l  I n v e s t i g a t o r :  J .  J. Brown 
Department of Metals and Ceramic Engineering 



Strengthening  of g l a s s  by in t roduc ing  a  second immiscible  phase 

was i n v e s t i g a t e d  us ing  a  p o r t i o n  of t h e  t e r n a r y  system S i02 ,  L i20 ,  and 

Ti02. The major p o r t i o n  of t h e  work was confined t o  compositions taken a long  

t h e  70 weight pe rcen t  S i02  i s o p l e t h .  Modulus of r u p t u r e  (bending) and e l a s t i -  

c i t y  d a t a  i n d i c a t e  t h a t  s t r e n g t h e n i n g  i n c r e a s e s  a s  t h e  Ti02 con ten t  i s  

inc reased  beginning w i t h  composition "C" ( a  m i s c i b l e  g l a s s ) ,  which y i e lded  

an average  modulus of r u p t u r e  s t r e n g t h  o f  20,900 p s i .  A marked i n c r e a s e  was 

recorded  as compositions were formed i n s i d e  t h e  i m m i s c i b i l i t y  r eg ion  and 

cont inued u n t i l  a  maximum of 34,600 p s i  was a t t a i n e d  wi th  a  Ti02 con ten t  of 

approximately 15  weight  pe rcen t .  A t  t h i s  p o i n t ,  n u c l e a t i o n  could no longe r  be  

c o n t r o l l e d  and c r y s t a l l i z a t i o n  became predominant when 20 weight  pe rcen t  Ti02 

was used.  The modulus of r u p t u r e  (bending) of t h i s  c r y s t a l l i z e d  composition 

decreased  r a p i d l y ,  y i e l d i n g  an average s t r e n g t h  of  26,800 p s i .  

Report No. 10  - "Effec t  of  Water Vapor on t h e  Burning Rate  of Aluminum 
and Magnesium Wire" 

P r i n c i p a l  I n v e s t i g a t o r :  C. H. Long 
Department of Mechanical Engineer ing 

Work has  been done on t h e  burning of  w i r e s  o r i e n t e d  h o r i z o n t a l l y  i n  

environments a t  h igh  p r e s s u r e s  when h e a t i n g  them t o  r u p t u r e  p o i n t  by 

pas s ing  a c u r r e n t  through them. The burning r a t e ,  a long  w i t h  o t h e r  

phenomena, was measured a s  t h e  flame moved a long  t h e  two p a r t s  of t h e  

w i r e  o r  r ibbon.  

It was proposed i n  1966 t h a t  an i n v e s t i g a t i o n  should  be conducted 

on v e r t i c a l  w i r e s  i g n i t e d  a t  one end. These tests should be  conducted a t  

e l e v a t e d  p r e s s u r e s  and tempera tures ,  t h e  burning phenomena observed,  and t h e  

burn ing  r a t e  determined f o r  v a r i o u s  amounts of mois ture  and oxygen composing 

t h e  environment i n  t h e  chamber. This  was done i n  d ry  oxygen a t  room 



t e m p e r a t u r e  and p r e s s u r e s  up t o  f o r t y  a tmospheres  and r e p o r t e d  i n  September,  

1967 a s  Phase  I of t h i s  p r o j e c t .  

I n  1968 t h e  p r o j e c t  was ex tended  (Phase 11) by mixing g i v e n  q u a n t i t i e s  

o f  m o i s t u r e  w i t h  t h e  oxygen a t  p r e s s u r e s  up t o  twenty a tmospheres .  

It was found t h a t  h e a t i n g  o f  t h e  oxygen and t h e  chamber w a l l  t o  2 8 0 ' ~  

a p p r o x i m a t e l y ,  i n  o r d e r  t o  a l l o w  a l l  t h e  m o i s t u r e  a d m i t t e d  t o  e v a p o r a t e  i n t o  

steam, had a  v e r y  d e f i n i t e  e f f e c t  of i n c r e a s i n g  t h e  b u r n i n g  r a t e  of aluminum 

and magnesium w i r e s  up t o  approx imate ly  f i f t e e n  a tmospheres  w h i l e  t h e  

a d d i t i o n  of t h e  m o i s t u r e  i n c r e a s e d  t h e  b u r n i n g  r a t e  of aluminum up t o  

approx imate ly  s i x  a tmospheres  b u t  had no b e n e f i c i a l  e f f e c t  on t h e  b u r n i n g  

rate of  magnesium. 

A f i n a l  r e p o r t  w i l l  appear  i n  t h e  V.P.I. semi-annual  r e p o r t ,  A p r i l ,  

1970. 

Repor t  No. 11 - "A T h e o r e t i c a l  I n v e s t i g a t i o n  of Low Mass Meteoroid  cu t -o f f "  

P r i n c i p a l  I n v e s t i g a t o r :  R. J. Adler  
Department of P h y s i c s  

Work on t h i s  p r o j e c t  is  n e a r l y  complete ,  and w e  b e l i e v e  t h a t  t h e  

most r e l e v a n t  mechanisms have been i n v e s t i g a t e d .  The h y p o t h e s i s  of a 

low mass cu t -o f f  i s  c o n s i s t e n t  w i t h  p a r t i c l e  p e n e t r a t i o n  d a t a  from t h e  

E x p l o r e r ,  Pegasus ,  and A r i e l  I1 probes .  

The Poynt ing  Rober tson e f f e c t ,  p r e d i c t e d  by s p e c i a l  r e l a t i v i t y ,  

i n v o l v e s  a t a n g e n t i a l  d r a g  on a p a r t i c l e  i n  s o l a r  o r b i t .  Such a  d r a g  

c a u s e s  t h e  p a r t i c l e  t o  e v e n t u a l l y  s p i r a l  i n t o  t h e  s u n ,  o r  be  blown o u t  o f  

t h e  sys tem by r a d i a t i o n  p r e s s u r e ,  T h i s  e f f e c t  h a s  been i n v e s t i g a t e d ;  a s  a  

n u m e r i c a l  example of o u r  [ i n d i n g s  we f i n d  thaL a  p a r t i c l e  of s i z e  5 x  lo-* cm, 

d e n s i t y  3.5 gm/cc, i n  a  c i r c u l a r  o r b i t  of 3 AU,  w i l l  f a l l  i n t o  t h e  sun i n  

l o 7  y e a r s  i f  i t  i s  n o t  blown o u t  by r a d i a t i o n  p r e s s u r e .  Th i s  is  s l lo r t  

coruparcd t o  t h e  age  of t h e  s o l a r  systcill. 



The second mechanism i n v e s t i g a t e d  i s  t h a t  of p a r t i c l e - p a r t i c l e  

c o l l i s i o n s ,  u sua l ly  r e f e r r e d  t o  a s  comminution processes .  Tigo s i t u a t i o n s  

a r e  dominant f o r  h igh  v e l o c i t y  c o l l i s i o n s :  one p a r t i c l e  i s  des t royed ,  

o r  bo th  a r e  c a t a s t r o p h i c a l l y  fragmented. The s i z e  of p a r t i c l e s ,  due t o  

such comminution p roces ses ,  decreases  t o  t h e  p o i n t  where s o l a r  r a d i a t i o n  

p r e s s u r e  e j e c t s  them from t h e  system. 

It remains t o  i n v e s t i g a t e  t h e  e f f e c t s  of t h e  s u n ' s  e lec t romagnet ic  

f i e l d ,  i nc lud ing  "normal" f i e l d s  and t h e  complex s o l a r  mind. 

Our t e n t a t i v e  conclus ion  i s  t h a t  t h e  comminution processes  dominate,  

and reduce  p a r t i c l e  s i z e  t o  a  p o i n t  where s o l a r  r a d i a t i o n  p r e s s u r e  e j e c t s  

them from t h e  s o l a r  system. The s i g n i f i c a n c e  of t h e  work f o r  manned space- 

f l i g h t  ( e s p e c i a l l y  c ros s ings  of t he  a s t e r o i d  b e l t )  i s  obvious;  o t h e r  implica-  

t i o n s  of  t h e  work have appeared and w i l l  be d iscussed  i n  t h e  f i n a l  work. 



Report No. 12 - p h y s i o l o g i c a l  - -- 

P r i n c i p a l  I n v e s t i g a t o r :  J ,  Gemana 
Department of  Psychology 

The purpose of t h i s  r e sea rch  was t o  i n v e s t i g a t e  t h e  n a t u r e  of  the  

autonomic, a c t i v a t i o n a l  responses  ( e . g . ,  ga lvan ic  s k i n  responses ,  c a r d i a c  

responses)  which accompany l e a r n i a g  o r  condi t ion ing .  B r i e f l y ,  t h e  p r e s e n t  

i n v e s t i g a t o r  has  shown t h a t  a s  s u b j e c t s  a r e  l e a r n i n g ,  a s  they  are acqui r -  

i n g  t h e  "co r r ec t "  responses ,  a c t i v a t i o n a l  responses  t o  t h e  condi t ioned  

s t i m u l i  demonstrate  s y s t e m a t i c ,  t r i a l - b y - t r i a l  increments .  These i n c r e -  

ments i n  a c t i v a t i o n  t y p i c a l l y  occu r  on those  t r i a l s  immediately preceding 

t h e  a t t a inmen t  o f  c r i t e r i o n  performance, i . e . ,  whi le  t h e  s u b j e c t s  a r e  

making t h e i r  ' f i n a l  e r r o r s .  Subsequent t o  response a c q u i s i t i o n ,  a c t i v a -  

t i o n a l  responses  dec rease  i n  magnitude. 

The p r e s e n t  i n v e s t i g a t o r  has  sugges ted  t h a t  a c t i v a t i o n a l  responses  

c o n s t t t u t e  p i e p a r a t i o n s  t o  respond o v e r t l y ,  t h a t  they suppor t  and f a c i l i t a t e  

behavior ,  and t h a t  they may b e  a n t i c i p a t e d  c o r r e l a t e s  of  s i t u a t i o n s  i n  which: 

(a) s u b j e c t s  a r e  r equ i r ed  t o  go from a  pe r iod  of  i n a c t i v i t y  t o  one o f  

behav io ra l  responding;  (b) s u b j e c t s  a r e  undergoing a  t r a n s i t i o n  t o  a  more 

complex o r  s u s t a i n e d  behavior  sequence; and, (c )  s u b j e c t s  are r equ i r ed  t o  

l e a r n  a  behav io ra l  response t o  a  s t imu lus  and, i n  t h e  e a r l y  s t a g e s  of  acqui-  

s i t i o n ,  cannot i n i t i a t e  a  s p e c i f i c  p r e p a r a t i o n  t o  respond. This  i n t e r p r e t a -  

t i o n  of  a c t i v a t i o n a l  responses ,  then  equa tes  t h e  autonomic and somat ic  

a c t i v i t y ,  de sc r ibed  a s  a c t i v a t i o n a l ,  w i th  i n t e n s i v e  and ex t ens ive  prepara-  

t i o n s  t o  respond behav io ra l l y .  

The r e sea rch  which has  been c a r r i e d  ou t  under t h i s  p r o j e c t  has  con- 

s i s t e n t l y  supported t h i s  g e n e r a l  view of  a c t i v a t i o n a l  responses  and t h e  

s p e c i f i c  i n t e r p r e t a t i o n  w'tiich has been o f f e r e d  as an exp lana t ion  of  the 



psychophys io logica l  c o r r e l a t e s  of  l e a r n i n g .  A d e t a i l e d  d e s c r i p t i o n  o f  

t h e s e  experiments  w i l l  be presen ted  i n  t h e  t e rmina l  r e p o r t .  

Report No. 1 3  - "Harmonic V ib ra t i ons  of  V i s c o e l a s t i c  Layered Media" 

P r i n c i p a l  I n v e s t i g a t o r :  D .  Frede r i ck  
Department of  Engineer ing Mechanics 

For s t eady  s t a t e  v i b r a t i o n s ,  t h e  s t r e s s e s ,  s t r a i n s ,  and d i s p l a c e -  

ments i n  t h e  three-dimensional  theory of  harmonic v i b r a t i o n s  of  l i n e a r l y  

v i s c o e l a s t i c  bod ie s  o f  a r b i t r a r y  shape a r e  taken  i n  t h e  form 

where Cjk, Ejk,  and u  a r e  t h e  d e s i r e d  stresses, s t r a i n s ,  and d isp lacements ,  
j 

r e s p e c t i v e l y ,  t h e  corresponding q u a n t i t i e s  wi th  a b a r  are complex f u n c t i o n s  of  

p o s i t i o n , w i s  t h e  frequency,  t i s  t h e  t i m e ,  j and k  t ake  on t h e  v a l u e s  1, 2, 

3 ,  and R e  means t o  s e l e c t  t h e  r e a l  p a r t .  

Based upon t h e  above forms, t h e  s o l u t i o n  f o r  fo rced  t o r s i o n a l  

o s c i l l a t i o n s  of  a  c i r c u l a r  c y l i n d r i c a l  b a r  is  

ug = R e  [ iIr(eikx - e-ilcx)eiwt] (2) 

where u@ i s  t h e  d i sp lacement ,  r i s  t h e  r a d i u s ,  x  i s  t h e  a x i a l  c o o r d i n a t e ,  

k = k '  - ik" ,  k '  is t h e  propaga t ion  c o n s t a n t ,  and k" is  t h e  a t t e n u a t i o n  

c o n s t a n t ,  The f a c t o r  R e  (Ar e +ikx 'IWt) i s  a  minus x  t r a v e l i n g  wave o f  t o r s i o n ,  

and R e  (Ar  e-ikx +iot) is  an i d e n t i c a l  wave t r a v e l i n g  i n  t h e  p l u s  x  d i r e c t i o n .  

Thus t h e  s o l u t i o n  i s  expressed  by t h e  d i f f e r e n c e  of  two i n t e r a c t i n g  s p a c i a l l y -  

damped waves. Th i s  obse rva t ion  l e d  t o  t h e  conc lus ion  t h a t  f o r  f r e e  v i b r a t i o n ,  

t h e  commonly accepted  method of  s e l e c t i n g  t h e  time dependence as e  i u t -S t  is 

o n l y  an approximation of  what i s  a c t u a l l y  occu r r ing  i n  t h e  f r e e l y  v i b r a t i n g  



body. 

The problem being i n v e s t i g a t e d  a t  p r e s e n t  i s  forced t o r s i o n a l  

o s c i l l a t i o n s  of  a  c i r c u l a r  c y l i n d r i c a l  sandwlc1-1 s h e l l .  This  s h e l l  i s  

composed of  a v i s c o e l a s t i c  co re  between two e l a s t i c  l a y e r s .  A l l  l a y e r s  a r e  

symmetr ical ly  a r ranged .  The reason  f o r  choosing t o r s i o n a l  o s c i l l a t i o n s  i s  

t o  avoid  t h e  appearance of t h e  bu lk  modulus i n  t h e  equa t ions .  Very l i t t l e  

exper imenta l  d a t a  e x i s t s  f o r  t h e  bu lk  modulus of a  v i s c o e l a s t i c  m a t e r i a l  s i n c e  

such  ma te r i a J s  a r e  u s u a l l y  n e a r l y  incompress ib le  r e s u l t i n g  i n  d i f f i c u l t i e s  i n  

measurement. However, a  l a r g e  amount of  exper imenta l  d a t a  e x i s t s  f o r  t h e  

s h e a r  modulus f o r  many v i s c o e l a s t i c  m a t e r i a l s ,  and one of t h e s e  m a t e r i a l s  

t r i l l  be  chosen f o r  t h e  c o r e  of  t h e  s h e l l .  The displacement ,  p r i n c i p a l  s h e a r  

stress, and an approximation of t h e  sma l l  de lamina t ion  s h e a r  stress 

tending  t o  cause s e p a r a t i o n  o f  t h e  l a y e r s  w i l l  b e  computed f o r  a s h e l l  

made of t h e  s e l e c t e d  m a t e r i a l s .  

An a n a l y s i s  of  t h e  v i b r a t i n g  Timosl~enlco beam was performed i n  which 

t h e  nonnal t o  t h e  middle  s u r f a c e  was d iv ided  i n t o  t h r e e  equa l  segments each 

o f  which remains s t r a i g h t  b u t  r o t a t e s  independent ly  of  t h e  o t h e r  segments 

du r ing  deformation.  A comparison wi th  t h e  publ i shed  l i t e r a t u r e  showed 

t h a t  t h i s  procedure r e s u l t s  i n  an improvement of  t h e  governing equa t ions .  

Th i s  a n a l y s i s  i s  c u r r e n t l y  being app l i ed  t o  t h e  sandwich s h e l l  mentioned 

above, The normal t o  t h e  middle  s u r f a c e  is  d iv ided  i n t o  t h r e e  equa l  seg- 

ments i n  t h e  c o r e  p l u s  a  segment i n  each of  t h e  two t h i n  o u t e r  l a y e r s .  

Again, each segment remains s t r a i g h t  dur ing  deformation but  r o t a t e s  i n -  

dependent ly  of  t h e  o t h e r  segments,  These r o t a t i o n s  approximate t h e  war- 

page of t h e  cross-sectional s u r f a c e s  due t o  t r a n s v e r s e  s h e a r ,  



Report No, 14 - "Charac ter iza t ion  of Anerobes from t h e  Normal Human Flora"  

P r i n c i p a l  I n v e s t i g a t o r :  5 .  L. Johnson ( f o r  W.E.C. Moore) 
Department of Veter inary  Science 

The p r o j e c t  was e s t a b l i s h e d  January 1, 1969 and provides s a l a r y  

f o r  one t echn ic i an .  The t echn ic i an  a s s i s t s  i n  t h e  p repa ra t ion  and 

a n a l y s i s  of  samples of deoxyribonucleic  a c i d  (DNA) from anaerobic  

b a c t e r i a .  Among t h e  organisms under i n v e s t i g a t i o n  a r e  r e p r e s e n t a t i v e  

s t r a i n s  from t h e  genus Corynebacterium (anaerobic  s t r a i n s ) ,  Propioni-  

bacter ium, and Clostr idium. 

The anaerobic  b a c t e r i a  on e a r t h  are indigenous t o  most environments 

i nc lud ing  t h e  i n t e s t i n a l  t r a c t  and t h e  s k i n  of animals and man, t h e  s o i l  

and t h e  sea .  ' The bulk  of t h e s e  anaerobic  b a c t e r i a ,  however, have no t  

been s t u d i e d  o r  have been s t u d i e d  only  t o  a l i m i t e d  ex ten t .  A l a r g e  

pe rcen t  of a l l  i s o l a t e s  cannot now be  recognized.  With improved i s o l a t i o n  

methods now a v a i l a b l e ,  one may d e t e c t  many t h a t  apparent ly  have not  been seen  

before .  The purpose of t h i s  p r o j e c t  is t o  determine,  a t  t h e  l e v e l  of  t h e  

g e n e t i c  m a t e r i a l  (DNA), r e l a t i o n s h i p s  w i t h i n  and between va r ious  groups 

of anaerobic  b a c t e r i a .  These r e l a t i o n s h i p s  a r e  determined by measuring 

t h e  r a t i o s  of pu r ine  and pyrimidine bases  i n  t h e  DNA and by comparing t h e  

arrangement of t h e  bases  i n  t h e  DNA from t h e  va r ious  organisms. These 

a n a l y s i s  w i l l  a l low t h e  de te rmina t ion  of t h e  types  of b a c t e r i a  u i t h i n  t h e  

groups and t o  determine phenotypic  c h a r a c t e r i s t i c s  t h a t  accu ra t e ly  

d i f f e r e n t i a t e  t h e  d i f f e r e n t  types .  This  in format ion  w i l l  be  of i n t e r e s t  t o  

t h e  manned space  f l i g h t  program and t o  t h e  evo lu t ion  of i n t e r p l a n e t a r y  

qua ran t ine  c o n t r o l .  

DNA p r e p a r a t i o n s  from 45 s t r a i n s  of  c l o s t r i d i a  and from 95 s t r a i n s  of 

anaerobic  co rynebac te r i a  and p r o p i o n i b a c t e r i a  have been analyzed. I n  some 



i n s t a n c e s  t h e  r e s u l t s  show d i s t f n c t  types  of anaerobes i n  groups of  supcr-  

f i c i a l l y  s i m i l a r  organisms and i n  o t h e r  ca se s  show a  h igh  degree  of  

s i m i l a r i t y  among organisms t h a t  were thought t o  be  d i s t i n c t .  

Report No. 15 - "A Study of  Space C r a f t  Powerplant Condensors" - 

P r i n c i p a l  I n v e s t i g a t o r :  T.J. P. Goss 
Department of Mechanical Engineering 

The f o u r  phase program has  been proceding i n  accordance w i t h  t h e  

program o f  s tudy .  The f i r s t  two phases have been completed and work i s  

p rog re s s ing  i n t o  t h e  t h i r d  phase.  

The completed work i n c l u d e s  t h e  programming of thermodynamic and 

t r a n s p o r t  p r o p e r t i e s  o f  Freon - 113 and potassium i n t o  d i g i t a l  c ~ m p ~ t e r  

s u b r o u t i n e s  and t h e  development o f  improved empi r i ca l  c o r r e l a t i o n s .  The 

s p e c i f i c  c o r r e l a t i o n s  s t u d i e d  were t h e  w a l l  s h e a r  s t r e s s  and t h e  i n t e r f a c i a l  

s h e a r  stress f o r  t u r b u l e n t ,  condensing l i q u i d  f i l m s .  These c o r r e l a t i o n s  

were ob ta ined  through t h e  a p p l i c a t i o n  of momentum i n t e g r a l  t echniques .  

Th i s  c o n s i s t s  of  w r i t i n g  t h e  momentum equa t ion  of t h e  l i q u i d  f i l m  i n  

i n t e g r a l  form, and assuming v e l o c i t y  and eddy v i s c o s i t y  d i s t r i b u t i o n s  

i n  t h e  f i lm .  The d i s t r i b u t i o n s  assumed were d i f f e r e n t  from t h e  c l a s s i c a l  

forms assumed f o r  s i n g l e  phase systems s i n c e  t h e  mechanics of t u r b u l e n t  

two-phase flows a r e  n o t  t h e  same a s  i n  s i n g l e  phase f lotrs .  The unknown 

c o n s t a n t s  i n  t h e s e  d i s t r i b u t i o n s  were obta ined  from experimental  d a t a  found 

i n  t h e  l i t e r a t u r e .  The i n i t i a l  r e s u l t s  i n d i c a t e  t h a t  t h e  c o r r e l a t i o n s  

compare q u i t e  w e l l  w i t h  a  wide range of exper imenta l  cond i t i ons .  

The above c o r r e l a t i o n s  and p rope r ty  d a t a  have been incorpora ted  i n t o  

t h e  t l i e o r e t i c a l  model f o r  t h e  condenser tube .  Seve ra l  computer r u n s  Iiave 

been made f o r  steam condensers and the a n a l y t i c a l  r e s u l t s  compare q u i t e  



w e l l  wi th  the  experimental  da ta .  The Freon-113 and potassium condenser 

computer runs a r e  p r e s e n t l y  being s e t  up and w i l l  be run  i n  t h e  near  

f u t u r e .  

Report No. 16 - "Transport Phenomena i n  Metals" 

P r i n c i p a l  I n v e s t i g a t o r :  J. Long 
Department of Physics  

The o b j e c t  of  t h i s  p r o j e c t  was t o  develop a l abo ra to ry  and perform 

measurements which would e l u c i d a t e  some d e t a i l s  of  e l e c t r i c a l  and thermal 

t r a n s p o r t  phenomena i n  complex meta ls .  An emphasis w a s  placed on an under- 

s t and ing  of processes  which a r e  fundamental t o  t he rmoe lec t r i c  phenomena. 

It was argued t h a t  c e r t a i n  a spec t s  of  t h e s e  phenomena might be w e l l  s u i t e d  

f o r  a p p l i c a t i o n  t o  a magnetothermoelectr ic  energy conversion device  i n  a 

s p a c e c r a f t .  Magnetothermoelectric energy conversion devices  a r e  u sua l ly  

of  l i m i t e d  va lue  due t o  l a c k  of s u f f i c i e n t l y  l a r g e  magnetic f i e l d s  and a 

s u i t a b l e  low temperature r e s e r v o i r .  I f ,  however, a cryogenic magnet should 

be employed i n  t h e  s p a c e c r a f t  f o r  any reason such a s  charged cosmic r ay  

s h i e l d i n g ,  t h e  arguments i n  favor  of inc luding  a magnetothermoelectr ic  

energy conversion device  became obvious. 

Under j o i n t  suppor t  o f  t h i s  p r o j e c t  g r a n t  and funds of  t h e  Common- 

weal th  of V i rg in i a  a program f o r  t h e  s tudy  of magnetotransport  phenomena 

i n  complex meta ls  w a s  i n i t i a t e d .  Commonwealth funds were used p r imar i ly  

f o r  t h e  purpose of purchasing a 50 kOe superconducting magnet and c u r r e n t  

source.  NASA funds were used t o  b u i l d  o r  purchase t h e  cryogenic appara tus  

necessary  t o  o p e r a t e  t h e  magnet, e l e c t r o n i c  ins t ruments  necessary  t o  

measure t h e  t r a n s p o r t  e f f e c t s ,  and m e t a l l i c  s i n g l e  c r y s t a l  specimens, 

The process  of  s e l e c t i o n  o r  design and cons t ruc t ion  of s u i t a b l e  



appara tus  f o r  the uork consumed most of  the funds and manpower expended 

on t h i s  p r o j e c t  under NASA suppor t ,  The development of  an exper imenta l  

c a p a b i l i t y . h a s  been t h e  primary consequence of  t h i s  p r o j e c t  t o  da te .  

Experiments a r e  now p o s s i b l e  which u t i l i z e  d .c .  and phase s e n s i t i v e  

d e t e c t i o n  of sub-microvolt p o t e n t i a l s  i n  me ta l s  which exper iedce  an 

environment of t e n p e r a t u r e s  down t o  1 Kelvin and magnet ic  f i e l d s  i r i  

excess  o f  50 kOe. 

Concurrent ly  wi th  t h e  program o f  appara tus  development, p re l iminary  

measurements o f  t h e  e l e c t r i c a l  r e s i s t i v i t y  of t h e  conduct ing r e f r a c t o r y  

compounds TiN and T i c  were performed. Although t h e s e  compounds have 

many i n t e r e s t i n g  and promising p r o p e r t i e s ,  f u r t h e r  work on them i s  i n  

doubt due t o  problems of sample p repa ra t i on .  

Also concur ren t ly  w i t h  the  development of  appa ra tu s ,  t h e  Summer 

r e sea rch  time which was made p o s s i b l e  by t h i s  g r a n t  was u t i l i z e d  f o r  t h e  

completion o f  a s i m i l a r  p r o j e c t  begun under prev ious  suppor t  by ARPA. A 

l a r g e  amount of  r a w  d a t a  on t h e  magneto-transport  e f f e c t s  i n  tungs ten  was 

reduced,  analyzed and i n t e r p r e t e d .  This  e f f o r t  r e s u l t e d  i n  t h e  p r e p a r a t i o n  

o f  t h r e e  p u b l i c a t i o n s  on t r a n s p o r t  phenomena i n  tungs ten  which w i l l  be  

submi t ted  t o  t h e  Phys i ca l  Review. Support f o r  t h e s e  p u b l i c a t i o n s  is 

c r e d i t e d  j o i n t l y  t o  NASA and ARPA. The papers  are t i t l e d :  

I. The Behavior o f  t h e  Thermal and E l e c t r i c a l  Transpor t  C o e f f i c i e n t s  

of Tungsten a t  High Magnetic F i e l d s  and Low Temperatures by 

Jerome R. Long. 

11. The Re la t i on  of  Transpor t  C o e f f i c i e n t s  t o  Fermi Sur face  D e t a i l s  

i n  Tungsten by Jerome R. Long. 

111. L a t t i c e  Conduction, Lorentz  Numbers and Apparent Drag E f f e c t s  i n  

Tungsten by Jerome R. Long. 
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discrimlnat~on e~ther  before or after a 
Determination of selective stimulus component S ~ I ~ U I U S  discr~rn~nation uslng 

the four stimuli, 
control by part of a compound Sa' SUBJECTS 

Eight 5- to 6-year-old White Carneau and 
White King cock pigeons were maintained a t  

DA1VII.L fi JOKVSON, BI1.L N. KINDER, triangle. Johnson & Cummlng (1968) 8% free-feeding body weights and were 
and GIXNN N SCARBORO, Vtrgtrtra recently demonstrated control of selection experimentally naive at  the outset. 
Pol~~tctlrr~rc Ittstit~rte, Blacksburg, Va. among components of a compound stimulus APPARATUS 
24061 by training a discrimination between single A standard pigeon operant chamber 

components separate from their appearance (LVE 15 19) had a single pecking key wh~ch 
Elgltr Ir'llrrc Kmg plgeorts were trained to in a compound stlmulus discrimination. could be transilluminated from behind by an 

peck at each ojfour srrt~zulipresentedalot~e In these experiments, selection occurred IEE display unit. The automatic feeder 
uvhrte vertrcal lrne, white horrzontalline, red with respect t o  components of positive presented grain (SWKaffir, 40% vetch, 10% 
background, green background. Then each compound  t ra in ing stimuli. Since hempseed) for 4-sec periods. White noise 
prgeon was give11 10 sessions of single responding to SA components was (86-dB SPL) through the chamber speaker 
sti~n~tlus discrimination training and 5 essentially zero, it would appear that masked extraneous laboratory sounds and a 
sessions o f  compound stinlulus nonresponding was nonselectively houselightprovidedgeneralillumination. 
discrirnitzation training \vrth these stimuli; controlled by components of the negative PROCEDURE 
jolcr pigeons recerved single stimulus compound training stimuli. However, Key-pecking for each S was established to  
trabzmg first atzd four recerved compound without prior measure of response strength a white, fully lighted key, and maintained on 
strrn~cl~ts tratrling first. Vertical line atzd to each stimulus component, it is a random-interval schedule of reinforcement 
greet1 backgfoulld were always SD impossible, as Eckerman (1967) pointed havingamean interreinforcement interval of 
conlpotletzts, and horizontal line and red out, ". . . t o  determine whether this 1 min (RI 1; Farmer, 1963) for three daily 
background i v e r e a l w a y s ~ ~  components. In non-selective control reflects a reduction of I-h sessions. In 20.25 subsequent, daily I-h 
generalrzatrorz tests, when all four -timuli response strength in both components or the sessions, each of four stimuli-green 
were agarn presented alone, nonresponding mere absence of response strength to these background (G), red background (R), white 
was selectrvely controlled by the single two stimuli [p. 2991 ." vertical line (V), and white horizontal line 
stimlllus discrtnzirzation frainillg, sA3 Eckerman (1967) trained three pigeons to  (H), appeared alone, equally often, in mixed 
regardless of' trainingsequence. peck at each of four stimuli alone before orders for 1-min periods. Colored 

repeating the essential conditions of the backgrounds filled the key area and white 
Selective stimulus control of responding Reynolds experiment. Compound stimulus lines were diameters . I8  in. wide. Responses 

by a slngle component of a compound discrimination training employed a white to each stimulus were reinforced on the RI 1 
stimulus correlated with reinforcement has vertical line on a green background as SD schedule. This initial training phase was 
often been demonstrated, e.g., Lashley and a white horizontal line on a red terminated when, for any S,  responses per 
(1938), Reynolds ( 196 1). Reynolds trained background as sA. When these four session to each stimulus did not change more 
two pigeons to discriminate a white triangle components were again presented alone in than 5% over five successive sessions. 
on a red background from a white circle on a an extinction teSt,nonresp~ndingb~ at least All Ss were then given 10 I-h sessions of 
green background. When these four stimuli, one S during the test was selectively single stimulus discrimination training 
including the two SA components, were controlled by the red background. (SSDT) and 5 I-h sessions of compound 
presented alone in an extinction test, one S The present experiment obtained prior stimulus discrimination training (CSDT). 
responded only to the red background and response measures to four stimulus Four Ss, S13, S16, S18, and S15, received 
the second S responded only to the white components, then trained a single stimulus SSDT before CSDT, and four SS, S79, S78, 

S77, and S76, received the reversed 
sequence. For SSDT, each S from each 
sequence was assigned one of the four 
possible combinations keeping vertical line 
and green background positive, and 
horizontal line and red background negative. 

SSDT 
SSDT discriminative stimuli were assigned as 

f ~ r s t  SD and sA, respectively, among Ss as 
follows: S 13 and S79-vertical line, 
horizontal line; S16 and S78-green 
background, horizontal line; S18 and 
S77-vertical line, red background; and S15 

and S76-green background, red back- 
ground. During CSDT, the missing compo- 
nents were added to  form component 

CSDT 
tcrst 

Fig. 1. Per cent of total responding in the 
two test sessions to each of the four stimuli 

' C V R H  E V R H  C V R H  G Y R H  for each S. Solid and striped bars indicate 
values from the first and second test 

STIMULUS sessions, respectiveiy. 
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discriminaiive stimuli ofSD-vertical ]ine on 
Ereen background-and sA-horizontal line 
on red background. In discrimination 
training. responses to SD were reinforced on 
the RI 1 schedule, and responses to SA were 
never reinforced. 

Following training, all four stimuli were 
again presented alone in mixed orders for 
two 1-11 test sessions. Responses were 
recorded but never reinforced. 

Any stimulus period in all phases lasted 
for I min, and a 5-sec "time-out" period 
intervened between stimulus periods. In 
"time-out," the houselight remained on, but 
stimulus lights were off and respGnses were 
never reinforced. 

RESULTS 
Initial Training 

During the 20-25 initial training sessions, 
"preferences" (portions of total-session 
responding greater than 25%) and 
"avoidances" (portions of total-session 
responding less than 25%) occasionally 
appeared but in no consistent pattern for 
any S throughout the initial training phase. 
In the final five sessions, when response 
distributions stabilized within 5% of mean 
rates, approximately 25% of total session 
responding occurred to each stimulus, 
ranging from 19% to32%for any stimulusin 
any session. 

Discrimination Training 
All but three Ss acquired both 

discriminations to precisions of less than 2% 
SA responses within 5 h of exposure. S15 
required 9 h on G-R SSDT t o  reach this 
level. S78 on G-H SSDT and S79 on V-H 
SSDT exhibited extremely high response 
rates (about 90 responses/min compared to 
a mean of about 4 0  responses/min for other 
Ss) and displayed minima of 12% and 25% 
SA responding, respectively, during initial 
CSDT and 5% and 10% SA responding res- 
pectively, during subsequent SSDT. 

In general, the discriminations were 
acquired with steady increments in precision 
of performance. Performances were about 
equally disrupted when the second 
discrimination training phase, whether 
SSDT or CSDT, was introduced, but 
performances returned to equal or greater 
precisions within 5 h exposure. 

Test for Stimulus Control 
Proportions of total responding in the 

two test sessions to  the four stimuli for each 
S are presented in Fig. 1. Solid and striped 
bars indicate values from first and second 
test sessions, respectively. For Ss initially 
exposed to SSDT, the total number of 
responses ranged from 1035 to 1759 in the 
first test session. The greatest portion of 

respond~rig, from 454 to 48%. occurred In 
tlie presence of the component, which was 
SD in SSDT. Of principal interest, tlie least 
amount of responding, as much as 1% f o ~  
only one S, occurred to the single SA of 
SSDT. Portions of test session respond~ng to 
stiniulus components added in CSDT were 
about equal. Portions ranged from 21% to  
28% to the added S D  component and from 
21% to 33% to the added SA components. 

For Ss initially exposed to CSDT, total 
responses in the first test session ranged 
from 1438 to 2938. Again, the greatest 
proportion, from 47% to 72%, of test 
responding occurred to the SSDT SD, and, 
again, the least responding, as much as 1.8% 
for two Ss, occurred to the SSDT sA. 
Portions of test responding to the rcmoved 
CSDT SD component ranged from 8% to 
39% and portions of test responding to the 
removed CSDT SA component ranged from 
7% to 14%. 

in  general, responding during the second 
test session showed sharpening of the 
stimulus control observed in the first test 
session. Except for S13, for which the SD 
component exercising primary control 
reversed, the SSDT SD controlled even 
greater portions of responding in the second 
test session. And, except for S79, no other S 
responded to the SSDT SA in the second test 
session. All other components for all other 
Ss controlled smaller portions of test 
responding. 

Extinction records from each stimulus 
component for each S were generally 
smooth, negatively accelerated functions. 

DISCUSSION 
Initial training established approximately 

equal response strength to each of the four 
stimulus components. However, subsequent 
single stimulus training and compound 
stimulus training considerably altered the 
distribution of responses to stimuli. In 
par t icular ,  single stimulus training, 
regardless of whether it preceded or 
followed compound stimulus training, 
determined that stimulus control of 
responding was exercised primarily by the 
single stimulus training SD and stimulus 
control of nonresponding was primarily 
exercised by single stimulus training sA. 

Nonresponding was exclusively 
controlled by the SSDT SA for Ss initially 
exposed to SSDT. While virtually no 
responding occurred to SSDT SA in the 
cases that SSDT followed CSDT, the other 
component of the compound SA 
nevertheless retained some control of 
nonresponding. In three of the four Ss, 
response strength to the removed SA 

component was less tlia11 to the I-emovcd Si' 
component. Thus, .rvliile the s t imul~~s 
exercising primary control was determined 
by separate, single stimulus training. tlie 
effectsof sequence were not precisely equi- 
valent for the present conditions. Joluison 
and Cumming (1968) obtained similar re- 
sults with respect to determining control 
by parts of a compound sA. 

Kesponse strengths to the nonselected 
component of the SD compound were 
generally as high as strengths established in 
the initial training phase. This finding 
suggests that studies producing selective 
stimulus control by pretraining a single 
stimulus discrimination (cf. Johnson & 
Cumming, 1968) operate to prevent the 
acquisition of control by subsequently 
added stimulus dimensions. 

These findings are accountable with a 
theory which counts reinforcements and 
extinction time in stimulus components 
(Spence, 1936), but this type of theory is 
not generally satisfactory for findings of 
selective stimulus control (cf. Mackintosh, 
1965). Rather, an additional, active 
mechanism is presumed to occur. The 
present results suggest that an active 
stimulus selection mechanism should be 
applied to negative, as well as positive, 
compound training stimuli. 

REFERENCES 
ECKERMAN, D. A. Stimulus control by part of  a 

complex sA. Psychonomic Science, 1967, 7 ,  
299-300. 

FARMER, J. Properties of behavior under random 
interval reinforcement schedules. Journal of the 
Experimental Analysis of Behavior, 1963, 6 ,  
607-616. 

JOHNSON, D. F., & CUMMING, \V. W. Some 
determiners of  attention. Journal of  the 
Experiment* Analysis of  Behavior, 1968, 11, 
157-166. 

LASHLEY, K. S. The mechanism o f  vision: 
XV. Preliminary studies of  the rat's capacity for 
detail vision. Journal of General Psychology, 
1938,18,123-193. 

MACKINTOSH. N. J .  Selective attention in animal 
discrlminat~on learntng. Psychologtcal Bullettn, 
1965,64,124-150. 

REYNOLDS. G. S.  Attcntlon In the p~geon. 
Journal ot the Expcr~mental Analy51, o f  
Behavlor, 1961,4,203-208. 

SPENCE, K. W. The nature of  &scrimlnatron 
learn~ng in anlrnals P$ychologcal Rev~ew, 
1936,43,427-449. 

NOTE 
1. Portions of  thew re'iults were presented to 

t h e  Eastern Psychological A'isoclatton, 
Phtladelphia. 1969. Thlb research wa$ ~upported 
by Grant MH-13383 from the Nat~onal ln~t~tute  o f  
Mental Heal th  and by NASA Grant 
NGR-47-004-006. Addrc\~ reprlnt requests to 
Danrel F. John~on, Departme 't o f  Psychology, 
Vtrginta Polytechntc In\tttute, Blacksburg, Va. 
24061. 

Psychon. Sci., 1969, Vol. 17 (1) 

v> 



Semi-Annual Progress  Report No. 9 

.c 2 i-' 

EATION,!! iiER319AUTICS AND SPACE ~l.ii~?iTST~Vl~I~~J 

in connection with 

NASA Grant NGI: 47-004-006 

Part 3 of 8 Parts 

Final Report 

V.P. I. Project 313239 

Time-Resolved. X-ray Dlffrzction Microscopy: 

Deveiopment of a Eew Technique 

by 

Renaeth Reifsnider 

V i r g i n i a  PolycechnLc Znsritute 
Blacksburg ,  Virginia 



Time-Resolved X-ray Diffraction Microscopy: 

Development of a New Technique 

Introduction: 

With advancing technology, the possibility of monitoring in real 

time the continuous changes in an x-ray diffraction pattern produced 

by dynamic events has drawn the interest of more and more investigators. 

In contrast to the rapid development of time-resolved radiographic 

methods, progress has been much slower in the area of x-ray diffraction, 

largely because of strict limitations on available intensity and 

required resolution. Also, in the case of diffraction, not only the 

apparatus but the technique of application to research must be developed 

in order to make the equipment cornpatable with rather specific scientific 

interests. 

In 1968, Reifsnider and Green 2f3 reported the development and 

application of the first apparatus to record the changes in an x-ray 

diffraction pattern caused by tensile deformation on 16 mm cine film. 

Their system had a time resolution of 1/300th of a second and a geometric 

resolution of about 2 1p/mm. That system has found application in the 

investigation of lattice rotations, grain boundary motion, inhomogeneous 

deformation and strain rate studies. 

More recently, several investigators have attempted to extend the 

work in this area to achieve greater geometric resolution 5,6,7,8* It 

was, of course, realized that the most desir&le extension would be to 



t h e  l e v e l  of resolu t ion  comonly used i n  x-ray microscopy (sometimes 

ca l l ed  topography s t u d i e s ) ,  However, l i t t l e  can be done with such 

techniques without a geometric resolu t ion  of d e t a i l  whose c h a r a c t e r i s t i c  

spacing i s  considerably l e s s  than 100 pm. Also, t h e  d i f f r a c t e d  beams 

a r e  q u i t e  low i n  i n t e n s i t y  because of t h e  coll imation necessary t o  

obta in  t h e  para l le l - ray  x-ray beam needed f o r  high resolu t ion .  Before 

discussing the  successful  development which w i l l  be presented i n  d e t a i l  

below, severa l  a l t e r n a t i v e  approaches t o  t h i s  problem w i l l  be b r i e f l y  

evaluated. 

From the  standpoint  of s i m p l i c i t y , a n  x-ray s e n s i t i v e  vidicon 

represents  on exce l l en t  p o s s i b i l i t y  f o r  instantaneous d isplay  of x-ray 

5 pa t t e rns .  Such a system has been reported by Chikawa . H i s  camera used 

a Pb0 t a r g e t  on the  berylium facepla te  of a spec ia l ly  b u i l t  vidican 

camera t o  record Lang Topographs with a scan r a t e  of 15 cm/min. While 

he did not  measure the  resolu t ion  of h i s  system, the  x-ray arrangement 

which he reported had a resolu t ion  of 50 u m ,  i . e . ,  he was not resolving 

a and a f o r  example. More important,  the  ~ b o v i d i c o n  was extremely 
1 2 

insens i t ive ,  requi r ing  a threshold i l lumination of about 5 x l o 5  x-ray 

-1 -2 
photons sec  mrn . Such a device could not  be used t o  record any 

d i f f r a c t i o n  d e t a i l  which displayed i n t e n s i t y  con t ras t  near t o  the  p e r f e c t  

c r y s t a l  d i f f r a c t i o n  i n t e n s i t y  (which is  severa l  orders  of magnitude below 

the  threshold given above), Also, the  8000 watt  x-ray source which he 

used t o  provide such g r e a t  i n t e n s i t i e s  i s  n ~ t  commonly avai lable .  

Al ternat ive  t o  the  pbO t a r g e t ,  a  s i l i c o n  diode ar ray  t a r g e t  indicon 

has a l s o  been ~ s e d ~ ' ~  t o  display x-ray pa t t e rns  d i r e c t l y .  Although t h e  

t h e o r e t i c a l  l i m i t  on resolu t ion  is the  e lec t ron beam s i z e ,  i . e .  about 



30 pm, the  r e s o l u t i o n  was n o t  measured. Also, topography was n o t  

attempted. The s e n s i t i v i t y  was, again,  very low requ i r ing  about 

30 seconds t o  record a Laue p a t t e r n  produced by a s tandard  source.  

This can be compared t o  t he  1/300 sec .  mentioned e a r l i e r .  

A considerable  ga in  i n  s e n s i t i v i t y  can be achieved by adding 

one s t e p  t o  t h e  imaging process.  The X-ray image i s  converted i n t o  

a l i g h t  image which is i n t e n s i f i e d  and then recorded. I n  t h i s  

case,  then,  t h e  usua l  recording f i l m  i s  replaced by a f l uo rescen t  

s c reen  which converts  t h e  X-rays t o  o p t i c a l  l i g h t .  The low l i g h t  

l e v e l  image (about f t .  cd . )  i s  then  i n t e n s i f i e d  and f i n a l l y  

recorded. One r a t h e r  succes s fu l  way of viewing the  screen  has been 

repor ted  by Meieran e t .  a l . *  They used a secondary e l e c t r o n  conduc- 

t i o n  (SEC) vidicon system wi th  a r e s o l u t i o n  of  about 30Um and a 

s e n s i t i v i t y  s u f f i c i e n t  f o r  scanning S i  wafers a t  l5mm/min. The 

threshold  s e n s i t i v i t y  and r e s o l u t i o n  l i m i t  were n o t  measured, however, 

and no ind iv idua l  atomic de fec t s  were recorded. Also, t he  c o s t  of 

such a system is p re sen t ly  between $40,000 and $60,000. 

For t he  p re sen t  system, it was decided t o  view a f luo rescen t  

sc reen  with a high ga in ,  low noise  o p t i c a l  image i n t e n s i f i e r  which was, 

i n  t u r n ,  t o  be viewed by a c losed  c i r c u i t  vidicon t e l e v i s i o n  system. 

Such an arrangement i s  s i m i l a r  t o  t he  o r i g i n a l  system used by Reifsnider  

and Green. 



PROGRAM DESCRIPTION: 

The Lang method of t ransmission X-ray topography i s  a widely used 

s tandard  technique and has been descr ibed elsewhere, 3 1 4  The geometric 

r e so lu t ion  l i m i t  of such an arrangement is about  1 pm and t h e  th i ck -  

ness  of specimens commonly examined (chosen s o  t h a t  p t z l  f o r  optimum 

c o n t r a s t )  i s  of t he  o rde r  of 1 mm. f o r  s o f t  r a d i a t i o n .  The p a r t i c u l a r  

X-ray system used f o r  t h e  p r e s e n t  i n v e s t i g a t i o n  cons i s t ed  of a P h i l l i p s  

. f i n e  focus X-ray tube,  c o l l i m a t o r - s l i t  arrangement, and Lang topograph 

camera. Commonly,a 3 O  t akeoff  angle  was used t o  ob ta in  a p ro j ec t ed  

s p o t  s i z e  of 400 by 400 pm from a Mo o r  Ag t a r g e t  whose dimensions 

were 8 mm by 400 pm. A source-to-specimen d i s t ance  of  40 cm w a s  

maintained and the  specimen t o  recording s u r f  ace d i s t ance  ranged 

from 1 t o  2 cm s o  t h a t  t h e  geometric r e s o l u t i o n  l i m i t  was between 

10 and 20 pm. In  a l l  cases  t h e  width o f  t h e  i n c i d e n t  beam was re -  

s t r i c t e d  s o  t h a t  t h e  a and a r e f l e c t i o n s  were c l e a r l y  resolved.  
1 2 

The fine-focus X-ray tube was opera ted  a t  a maximum of 800 wat t s .  

Dental X-ray f i l m  was used t o  ob ta in  quick s e c t i o n  and p r o j e c t i o n  

topographs f o r  re ference  and alignment,  and nuc lea r  emulsion p l a t e s  

were used f o r  permanent recording of comparison topographs i n  t h e  

usual  manner. 

While t h e  Lang topographic system was completely s tandard ,  t h e  

equipment f o r  continuous monitoring o f  t he  X-ray d i f f r a c t i o n  p a t t e r n s  

had t o  be developed. Af t e r  some correspondence, t he  EM1 corpora t ion  

of England agreed t o  provide on loan a 4-stage 9694 magnet ical ly  

focused cascaded image i n t e n s i f y i n g  tube  f o r  use i n  t h e  development 

repor ted  below, The tube had a b i - a l k a l i  photocathode and an on- 

5 
a x i s  luminous f l u x  gain of about 10 . The image tube was lens  coupled 



i n  f r o n t  t o  a  f l uo rescen t  sc reen  which rep laced  the  f i lm  i n  t h e  Lang 

camera. The r e a r  phosphor of t h e  image tube was viewed by an EM1 type 

9A vidicon camera which d isp layed  t h e  output  on a  T .V,  monitor. 

~ u r i n g  t h e  course of our  development, s e v e r a l  d i f f e r e n t  f l uo rescen t  

sc reens  and coupling l e n s  systems were t e s t e d .  Seven d i f f e r e n t  s c reens  

were used i n  t h e  system and compared f o r  i n t e n s i t y  and r e s o l u t i o n .  

Subjec t ive  es t imates  of r e l a t i v e  i n t e n s i t i e s  of  t hese  screens  i n  a  

d i r e c t  beam of  40 kv f i l t e r e d  by a  2 mm th ickness  of s i l i c o n  a r e  shown 

i n  Table I. The approximate r e s o l u t i o n  of  t h e  two screens  used f o r  

most of  our  program i s  a l s o  shown. For AgK r a d i a t i o n ,  t h e  th i ckness  
01 

of  t h e  ScI (TR) screen  was increased  t o  300 )Am. 

The f luo rescen t  sc reens  were made t o  o rde r  according t o  s p e c i f i c a t i o n s  

determined i n  t h e  following way. Three f a c t o r s  c o n t r o l  t h e  d e s i r a b i l i t y  of 

a  f l uo rescen t  s c reen ,  absorp t ion ,  conversion e f f i c i ency  and r e so lu t ion .  For 

t h e  po lyc rys t a l  screens t h e  conversion e f f i c i e n c y  i s  f ixed  by choice  of type 

of m a t e r i a l  t o  be used and, i n  f a c t ,  t h a t  cons idera t ion  i s  t h e  major f a c t o r  

i n  t h e  choice of  type. The r e s o l u t i o n  i s  determined by g r a i n  s i z e  and screen  

th i ckness ,  both of  which need t o  be a s  small  a s  poss ib l e  f o r  b e s t  r e so lu t ion .  

The absorp t ion  f o r  a  given n a t e r i a l ,  then ,  i s  determined by the  sc reen  th ick-  

ness .  Po lyc rys t a l l i ne  screens  a r e  commonly c l a s s i f i e d  by weight p e r  square 

cent imeter  of depos i t  s o  t h a t  t h e  th ickness  i s  def ined  by the  d e n s i t y ,  i . e . :  

weight /uni t  a r ea  
th ickness  = 

dens i ty  

The determinat ion of  optimum th i ckness  w i l l  be demonstrated by an example. 

For AgK r a d i a t i o n  we wish t o  determine t h e  th ickness  of a  Zn S(Ag) screen 

f o r  75% absorp t ion .  The mass absorp t ion  c o e f f i c i e n t s  f o r  t he  phosphor 

elements are : 
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and t h e  r e spec t ive  molecular weights a r e  65.4 and 32. The molecular weight 

of ZnS i s  then  97 .4  and t h e  mass absorp t ion  c o e f f i c i e n t  of t h e  compound i s :  

Now t h e  dens i ty  of ZnS is 4 . 1  so  t h a t  t h e  abso lu t e  absorp t ion  c o e f f i c i e n t  

is  8 5 .  Now i f  I i s  t h e  inc iden t  X-ray i n t e n s i t y ,  t h e  i n t e n s i t y  a t  a  depth 
0 

" t" i s  given by : 

so  t h a t  t h e  f r a c t i o n  of i n c i d e n t  i n t e n s i t y  absorbed by a  th ickness  "t" i s  

given by: 

I0 
- I 

= l - e  - v t  

Thus, 75% absorp t ion  corresponds t o  ~ t x l  o r  a  th ickness  of 120pm of ZnS. 

2 
I n  s tandard  terms, t hen ,  a  48 mg/ cm screen  d e p o s i t  would be requi red .  

Due t o  l i g h t  d i spe r s ion  and t h e  f i n i t e  dimensions of t h e  f luo resc ing  

reg ion  f o r  a  given X-ray d e t a i l  element,  t h e  r e s o l u t i o n  of t h e  f luo rescen t  

sc reens  i s  inve r se ly  p ropor t iona l  t o  t h e i r  t h i ckness ,  Therefore,  one has  

t o  make a  compromise choice between requi red  r e s o l u t i o n  and a v a i l a b l e  in-  

t e n s i t y  us ing  a  c h a r t  of values such a s  those shown i n  Table 11. The 

manor i n  which t h e  screens  a r e  incorpora ted  i n t o  t h e  system w i l l  determine 

the  exac t  r e l a t i o n s h i p  between screen  th ickness  and the  r e s u l t a n t  r e s o l u t i o n .  

The GNSF screens  a r e  p o l y c r y s t a l l i n e  b u t  t h e  o the r s  were s i n g l e  c r y s t a l s .  

The p a r t i c l e  s i z e  of t h e  GNSF phosphors was 8 pm. The r e s o l u t i o n  va lues  were 

determined by in t e rpos ing  wire mesh screens  i n  a  d i r e c t  o r  d i f f r a c t e d  X-ray 

beam j u s t  before  it s t r i k e s  t h e  f luo rescen t  sc reen  of t he  complete image 

system so t h a t  t h e  r e s o l u t i o n  quoted i s  r e a l l y  t h e  r e so lu t ion  of .the system 

with a  p a r t i c u l a r  sc reen  i n  p l ace  and no t  t h e  r e so lu t ion  of a  s i n g l e  component, 

A l s o ,  t h e  r e s o l u t i o n  i s  a  measured va lue ,  





During the  course of our  development, two bas ic  modes of  operat ion 

seemed t o  be p a r t i c u l a r l y  useful .  The f i r s t  of these was developed i n  an 

e f f o r t  t o  observe Moire f r inge  pa t t e rns  caused by simultaneous d i f f r a c t i o n  

by two superposed c r y s t a l  l a t t i c e s .  Such p a t t e r n s  have recently been used 

as  a  powerful t o o l  i n  the  analys is  and q u a n t i t a t i v e  charac ter iza t ion  of  

9 
atomic defec ts .  The d i f f r a c t i o n  arrangement f o r  such f r inge  production 

i s  shown i n  Figure 1. Since the  f r inges  a r e  being produced by pe r iod ic  

s t r u c t u r e s  with atomic spacing, the  usual  f r inge  spacing formulae become: 

and 

f o r  ro ta t ion  and d i l a t a t i o n  respect ive ly  where "d" i s  the  atomic spacing, 

E is the  angle between ac t ive  d i f f r a c t i n g  rec iprocal  l a t t i c e  vec to r s ,  
dl 

and d2 a r e  s l i g h t l y  d i f f e r e n t  l a t t i c e  spacings, and D i s  the  Moire spacing. 

I f  the re  a re  "n" l a t t i c e  d i s loca t ion  outcroppings i n  the  second c r y s t a l ,  

the  number of ha l f - l ines  crossed i n  a  c i r c u i t  around the  corresponding 

d i scon t inu i ty  i n  the  Moire pa t t e rn  w i l l  be equal t o :  

where jl is  the  ac t ive  rec iprocal  l a t t i c e  vector  and b  a re  the  Burgers 
j 

vectors  of the  d i s loca t ions  i n  the  region,  For atomic d isorder  the  spacing 

of the  Moire f r inges  ranges between 25 p and 1 mm (providing, of course ,  

the  rec iprocal  vectors  f l ,  and @ a r e  s u f f i c i e n t l y  well  a l igned) .  For 

such inves t iga t ions ,  then,  resolu t ion  should not be a  ser ious  problem. 

For t h i s  work we found the  system shown i n  Figure 2 t o  be most des i rab le .  

The phosphor was po lyc rys ta l l ine  ZnS (Ag), e i t h e r  150 urn o r  300 urn t h i c k .  



The l e n s  p a i r  i n  f r o n t  of t h e  image tube was an Old De l f t  1:1, f:0.75, 104 

mm system. Hence the  image s i z e  on the  photocathode w a s  the  same a s  t h a t  

on t h e  f luorescent  screen and t h e r e  was no l o s s  of br ightness  due t o  mag- 

n i f i c a t i o n .  With t h i s  system quantum f luc tua t ions  i n  t h e  X-ray ( d i f f r a c t e d )  

beam were not  a major l i m i t a t i o n  on resolu t ion .  However, d ispers ion  i n  

the  t h i c k  po lyc rys ta l l ine  screen combined with those f luc tua t ions  t o  l i m i t  

our  resolu t ion  t o  about 5 lp/rnm. 

With t h i s  arrangement we were, i n  f a c t ,  ab le  t o  resolve  "crossover," 

t h e  high i n t e n s i t y  region which i s  crosshatched i n  Figure 1, which occurs 

-10 

and %2 
a r e  very c lose ly  al igned ( t o  wi th in  about 10 s t e r a d i a n ) .  

However, we were unable t o  maintain s u f f i c i e n t  s t a b i l i t y  i n  our  alignment 

apparatus t o  record a rap id  Moire p a t t e r n  ( o r  a  change i n  one).  It  i s  

bel ieved,  however, t h a t  the  imaging equipment was s u f f i c i e n t l y  s e n s i t i v e  

and had s u f f i c i e n t  r e so lu t ion  t o  do so. 

The second arrangement t h a t  proved useful  is  shown i n  ~ i g u r e  3 .  The 

t h i n  s i n g l e  c r y s t a l  f luorescent  screen ( C s I  ( ~ 1 ) )  provided somewhat b e t t e r  

absolute resolu t ion  with about 20% l e s s  conversion ef f ic iency than t h e  

former po lyc rys ta l  GNSF. The f r o n t  coupling l ens  p a i r  provided a magnifi- 

ca t ion  of about 2.3 s o  t h a t  t h e  image tube d id  no t  l i m i t  t he  resolu t ion  

of the  system. The r e a r  l ens  provided some demagnification (about 2X) so  

t h a t  t h e  image f i l l e d  about ha l f  of t h e  output  screen on the  vidicon. 

Hence t h e  vidicon may have l imi ted  our  r e so lu t ion  somewhat. With t e s t  

pa t t e rns  t h i s  system e a s i l y  resolved 12 lp/mm (no f i n e r  g r i d  w a s  a v a i l a b l e ) .  

An arrangement w a s  constructed whereby t h e  image tube,  f luorescent  

screen,  specimen, and vidicon camera could be scanned through t h e  X-ray 

beam synchronously.   he t r ave l ing  image produced on the  t e l e v i s i o n  monitor 

then produced a sec t ion  topograph by the  usual  Lang method. The primary 



l i m i t a t i o n  on r e s o l u t i o n  for  t h i s  case w a s  t h e  quantum f l u c t u a t i o n  i n  t h e  

X-ray image, i . e , ,  we were "b r igh tnes s  l im i t ed"  i n  t h e  abso lu t e  sense  i n  

t h i s  case.  However, t h e  o v e r a l l  r e s o l u t i o n  was s u p e r i o r  t o  t h e  f i r s t  

arragnement, e s p e c i a l l y  i f  some time i n t e g r a t i o n  was used during recording.  



WSULTS : 

Using t h e  system shown i n  Figure 3 ,  s e c t i o n  topographs of s e v e r a l  

ma te r i a l s  were recorded i n  10-12 seconds. We were ab le  t o  scan a t  t h e  r a t e  

of 30 mm/min. which represented  about l / 2  second time i n t e g r a t i o n  p e r  

u n i t  image area .  An example of our  r e s u l t s  i s  shown i n  Figure 4a and b .  

Both topographs a r e  t h e  220 r e f l e c t i o n  from a  diamond specimen wi th  rough 

dimensions of 5 mm square.  Both topographs were recorded wi th  Mou ,  

r a d i a t i o n .  The topograph shown i n  Figure 4b w a s  recorded i n  12 seconds 

by scanning t h e  f luo rescen t  sc reen  and imaging components synchronously 

wi th  t h e  specimen through t h e  i n c i d e n t  X-ray beam. A s tandard  Polaro id  

camera w a s  used t o  make a  12 second time exposure of  t h e  moving (and changing) 

p a t t e r n  on t h e  T.V. monitor. I n  a c t u a l i t y ,  a  s l o t t e d  black c u r t a i n  

w a s  moved along wi th  t h e  t r a v e l i n g  image on t h e  T.V. monitor t o  reduce t h e  

i n t e g r a t e d  i n t e n s i t y  of t h e  background produced by t h e  monitor r o s t e r  

and dark cu r r en t  of t h e  image tube being repoduced by t h e  T.V. system. 

I t  can be seen by comparing Figure 4a and 4b t h a t  t h e  " i n s t a n t  

topograph" d i sp l ays  most of t h e  major f e a t u r e s  shown by t h e  high r e s o l u t i o n  

topograph recorded i n  t h e  usua l  manner ( r equ i r ing  an 11 hour exposure 

t ime) .  The c e n t r a l  nuc lea t ion  d e f e c t ,  t h e  surrounding b u r s t  of r a d i a t i n g  

d i s l o c a t i o n s ,  and the  su r f ace  damage a t  t h e  edges a r e  a l l  c l e a r l y  shown. 

Also, t h e  very f a i n t  l i n e  extending more o r  l e s s  ho r i zon ta l ly  from t h e  

c e n t r a l  p o i n t  t o  t h e  r i g h t  has  been i d e n t i f i e d  a s  a  s i n g l e  d i s l o c a t i o n  

wi th  $ - _ h = ~  . While t h e  geometric r e so lu t ion  of t h e  " i n s t a n t  topograph" 

is good, t h e  most encouraging aspec t  i s  t h e  s e n s i t i v i t y  which it i n d i c a t e s .  

The p e r f e c t  c r y s t a l  d i f f r a c t e d  i n t e n s i t y  i s  recorded and, t h e r e f o r e ,  t h e  

d i f f r a c t i o n  d e t a i l  which is  only s l i g h t l y  more in t ense  is  a l s o  resolved.  

Without t h i s  s e n s i t i v i t y  a  g r e a t  dea l  of t h e  low c o n t r a s t  d i f f r a c t i o n  

d e t a i l  i s  l o s t  r ega rd l e s s  of t h e  geometric r e so lu t ion  c a p a b i l i t i e s  of 



t h e  system. The threshold s e n s i t i v i t y  of our system using the  ZnS(Ag) screen 

-9 -2 
was 10 inc ident  X-ray photons sec  mm a t  the  f luorescent  phosphor compared 

5 -1 -2 
t o  about 10 photons sec  mm required f o r  d i r e c t  vidicon viewing. 

Figure 5a and b  show another comparison of a  s tandard topograph and 

a  12 second " i n s t a n t  topograph". The mater ia l  used was na tu ra l  quar tz .  A s  

i n  the  previous example t h e  major d e t a i l  shown by t h e  standard topograph 

i s  displayed by the  " ins tan t "  vers ion  a lso .  Most i n t e r e s t i n g ,  i n  t h i s  case,  

a r e  t h e  growth horizons which a r e  (barely)  resolved. They a r e ,  again,  

very low con t ras t  d e t a i l  t h a t  would be l o s t  i f  t h e  system was s i g n i f i c a n t l y  

l e s s  sens i t ive .  There a re  a  number of twins a l s o  shown i n  both topographs. 

(Although no examples a r e  shown, we a l s o  produced " i n s t a n t  topographs" of 

Amethyst quartz which showed, among o the r  th ings ,  regular ly  spaced o p t i c a l  

twins. ) 

I n  addi t ion  t o  a c t u a l  recording of topographs, the  time-resolved 

system a l s o  seemed t o  be very useful  f o r  t h e  purpose of general  alignment 

such a s  f inding the  a a and B r e f l e c t i o n s ,  and expecia l ly  f o r  the  al ign- 
1' 2 

ment of c r y s t a l s  t o  produce Moire f r inges .  Also, it was poss ib le  t o  scan 

a  specimen with a  given r e f l e c t i o n  quickly t o  a sce r t a in  t h e  d e s i r a b i l i t y  

of making a  high resolu t ion  topograph ( requi r ing  severa l  hours) .  Hence, 

t h e  apparatus functions q u i t e  well  a s  a  s i g n i f i c a n t  time and labor saving 

device during preparat ions f o r  otherwise s t a t i c  inves t iga t ions .  



CONCLUSIONS AND PBMARKS: 

The system developed during t h e  course of t h i s  research has t h e  

following advantages. 

1. The high-gain low-noise c h a r a c t e r i s t i c s  of the  image i n t e n s i f i e r  
allows one to :  

a )  t ake  useful  topographs with scan speeds of 30 mrn/min. with 

b )  a s tandard low-wattage fine-focus X-ray source (800 wa t t s )  with 

c )  X-ray geometrical r e so lu t ion  of 10-15 pm and 

d) separa t ion  of the  a and a components f o r  a l l  but  the  
1 2 

lowest 2 63 r e l e c t i o n s  . 
2. The image i n t e n s i f i e r  with independent o p t i c a l  input  and output  

systems allows : 

a )  a choice of f luorescent  screen t o  optimize balance between 
reso lu t ion  and i n t e n s i t y  

b)  v a r i a t i o n  of magnification t o  minimize resolu t ion  l imi ta t ions  
caused by individual  components 

C )  use of d i r e c t  viewing, cine-recording, T.V. d isp lay ,  e t c .  f o r  
d a t a  r e t r i e v a l .  

Use of the  present  system f o r  study of dynamic d i f f r a c t i o n  events i s  

being i n i t i a t e d .  Possible areas  of work include: 1) study of motion of 

magnetic domains, 2) observation of moving d i s loca t ions  under s t r e s s ,  

3)  examination of crack nucleat ion during cycled loading, 4 )  rapid re-  

cording of r e l a t i v e  i n t e n s i t i e s  of d i f f r a c t i o n  spots  f o r  the  analys is  of 

t h e  s t r u c t u r e  of metastable p ro te in  molecules, 5)  study of p r e c i p i t a t i o n  

and defec t  decorat ion,  6)  inves t iga t ion  of gra in  nucleat ion,  growth, and 

general  recrys taLl iza t ion  k i n e t i c s ,  7 )  analys is  of inhomogeneous develop- 

ment of s t r a i n  including deformation d i s loca t ion  a r rays ,  and 8 )  continuous 

study of abrasion damage. The present  technique ce r t a in ly  i s  not  t h e  l a s t  

word i n  development, An obvious improvement would be the  use of f i b e r  

o p t i c  coupling r a t h e r  than the  standard lenses.  Other improvements w i l l  be 

made as  technology permits.  



The author wishes t o  thank D r .  A.  R, Lang f o r  h i s  cont r ibut ion  t o  

t h e  present  work, e spec ia l ly  i n  the  realm of topographic methods. The 

present  research was c a r r i e d  ou t  a t  t h e  H. H. W i l l s  Physics Laboratory, 

Universi ty of B r i s t o l  i n  B r i s t o l ,  England. The author was supported i n  

p a r t  by NASA contrac t  NGR 47-004-006. 



BIBLIOGRAPHY 

1. Rei f sn ide r ,  K. and Green, R. E., Jr.; Rev. Sc i .  I n s t r .  39, #11, (19681, 1651 - 
2. Rei fsn ider ,  K. and Green, R. E. ,  J r . ;  Trans. AIME 245, (1969),  1615 - 

3. Lang, A. R . ;  Acta Meta l lurg ica  5 ,  (1957),  358 - 

4. Lang, A. R.;  Acta Cryst .  - 12 ,  (1959),  249 

5. Chikawa, J. I. and Fujimoto, I . ;  Appl. Phys. L e t t e r s  13 ,  (19681, 387 - 

6. Chester ,  A. N . ,  Loomis, T. C. and Weiss, M.  M . ;  Be l l  System Tech. J .  
48, (1969) , 345 - 

7. Chester ,  A. N. and Koch, F. B.;  Advan. X-Ray Anal. 12 (1969) - 

8. Meieran, E.  S . ,  Landre, J. K. and O ' H a r a ,  S . ;  Appl. Physics L e t t e r s  
14 No. 12 ,  (1969) , 368 - 

9. Lang, A. R. ;  Nature,  220 No. 5168, (1968),  652 

10. Rei fsn ider ,  K. and Green, R. E. J.; J. Metals ,  - 20, (1968),  83A 





to T.V. 
nonitor 

Fig. 2 
Zmaging system for greatest brigiltnncss 

Hg.3 
W g h g  system for greatest resolution 



a )  Recorded on 50 urn t h i c k  I l f o r d  L4 nuc lea r  emulsion, 150 w a t t s  
X-ray source ,  11 hours  exposure. 

b) Po la ro id  photograph of t e l e v i s i o n  sc reen  d i sp l ay ing  image i n t e n s i f i e r  
ou tput ,  800 w a t t s  X-ray source ,  specimen t r a v e r s e  du ra t ion  12 seconds, 
photographic processing 10 seconds. 

Fig.  4 

P r o j e c t i o n  topographs of n a t u r a l  diamond 5 .2  mm wide, (220) r e f l e c t i o n ,  
MoKa r a d i a t i o n .  Ex t r a  d i f f r a c t e d  i n t e n s i t y  appears  a s  e x t r a  blackness .  1 



a)  S tandard  Topograph r e q u i r i n g  9 hours  exposure  t i m e .  

b)  P o l a r o i d  photograph of t e l e v i s i o n  s c r e e n  recorded  as d e s c r i b e d  
i n  F ig .  4b. 

F ig .  5 

Topograph of n a t u r a l  q u a r t z  p l a t e  i n c l i n e d  11" t o  major rhombohe- 
dron (1011) Thickness  1 mm, (1011) r e f l e c t i o n ,  AgKa r a d i a t i o n .  
F i e l d  a r e a  1 x 1.3mm. P l a t e  i s  viewed a l o n g  a d i r e c t i o n  t i l t e d  
40" away from t h e  c -ax i s  towards t h e  normal t o  (1011).  P r o j e c t i o n  
of d i f f r a c t i o n  v e c t o r  i s  h o r i z o n t a l ,  d i r e c t i o n  [12Lo] i s  v e r t i c a l  
on t h e  topograph,  
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?' probe voltage . r . r i t l l  respect  t o  the. anode 
P 

'DC 
dLc b i a s  v o l t a g e  

t ' sum of t h e  t r i angu l . a r  v o l t a g e  and d-c b i a s  

I output  v o l t a g e  of the' o p e r a t i o n a l  a m p l i f i e r  
S 

VL 
output  v o l t a g e  of the  lock-in a m p l i f i e r  

v i i  
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1.1 - P -  Backorouild Inf o r n a t i o n  

I n  1923 two e i p e r i m e n t c r s  , I r v i n g  Langinuir and H .  Mot t -Sn~i th  , 

. ;~rc i n v e s t i g a t i n g  some of  t h e  phenomena of g a s  d i s c h a r g e s  u s i n g  

? l z n a r ,  c y l i n d r i c a l ,  and s p h e r i c a l  c o l l e c t o r s ,  o r  p r o b e s .  The p r o b e s  

cscd by La~lgniuir  and EIott-Snith ..carere b i a s e d  a t  some v o l t a g e  w i t h  

r e s p e c t  t o  t h e  anode and t h e  r e s u l t i n g  c u r r e n t  was n ~ e a s u r e d .  The . 

c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c  o b t a i n e d  froin s u c h  a  "Langntulr Probe" 

mi b6 used t o  d e t e r n ~ i u e  the. e l e c t r o n  v e l o c i t y  d i s t r i b u t . i o n  and t h e  

.plasma p o t e n t i a l  w i t h  r e s p e c t  t o  t h e  anode.  
.- 

Druyves teyn  showed i n  1930 t h a t  t h e  e l e c t r o n  s p e e d - d i s t r i b u t i o n -  

f u n c t i o n  c o u l d  be o b t a i n e d  f rom t h e  p robe  I-V c h a r a c t e r i s t i c  a s  

fo l lows  : 

where 

, A  i s  t h e  c o l l e c t i n g  a r e a  of t h e  p robe ,  m and e  a r e  t h e  mass and c h a r g e  

of t h e  e l e c t r c n s ,  and I and V a r e  t h e  c u r r e n t  and v o l t a g e  of t h e  
P P 

probe,  Some s u c c e s s f u l .  a p p l i c a t o n s  of t h e  Druyves teyn  Theory t o  

d e t e r m i n e  t h e  e l e c t r o n  s p e z d - d i s t r i b u t i o c - f u n c t i o l l  depend on a p p l y j ~ ~ g  

a  s m a l l  a-c p o t e n t i a l  to  t1:e p robe .  E x p ~ r i i . : ~ n t ~ r s  have  sho:.:n t h z t  t h e  

probe c u r r c n t ,  i n c l u d i ~ ~ s  that clue t o  t i le  sr1?11 a-c p o t e n t i a l ,  c o u l d  

h e  ej:penc-led i l l t o  ar? i n i i l > i t c _  series and  that-  sor:c p a r t i c u l n r  t?r-rl 



of the s e r i e s  was p r o p o r t i o n a l  t o  t h e  second d e r i v a t i v e  of t h e  I - V  

c h a r a c t e r i s t i c . '  Various techniques  were then  used t o  d e t e c t  t h e  

harmonic term of i n t e r e s t  and o b t a i n  the  speed d i s t r i b u t i o n  func- 

t ion.  

i n  1965 D r .  RobertIII. Bond, 'us ing p l ana r  probe theory ,  showed 

t h a t  t h e  a n i s t r o p y  of t h e  e l e c t r o n  v e l o c i t y  d i s t r i b u t i o n  could b e  

obtained us ing  t h e  concept  t h a t  t h e  d i r e c t e d  e l e c t r o n  v e l o c i t y  d i s t r i -  

but ion i s  proporLiona1 t o  t h e  f i r s t  d e r i v a t i v e  of t h e  probe c u r r e n t -  

vo l tage  c h a r a c t e r i s t i c .  He shoved, us ing  a  technique t h a t  d i d  no t  

require t h e  use  of a s m a l l  a-c p o t e n t i a l  superimposed on t h e  probe 

vo l t age , '  t h a t  t h e  e l e c t r o n  v e l o c i t y  d i s t r i b u t i o n  i n  a h o t .  cathode 

d ischarge  con ta in ing  e i t h e r  neon o r  helium was n e a r l y  Druyvesteyn. 

There has  been some cont roversy  over vhe the r  t he  a-c s i g n a l  

superimposed on t h e  probe  v o l t a g e  produces o s c i l l a t i o n s  t h a t  prevent  

t he  t r u e  d i s t r i b u t i o n  f u n c t i o n  from be ing  obta ined .  Because t h e  exper i -  

ment performed by D r .  Bond d i d  n o t  i nvo lve  an a-c s i g n a l  superimposed 

on t h e  probe  v o l t z g z ,  i t  would be a d v ~ n t a g e o u s  t o  compare r e s u l t s  

ob ta ined  us ing  h i s  methods t o  those  o3ia ined  us ing  a  sma l l  a-c s i g n a l .  

\\?hen a  s m a l l  a-c s i g n a l  i s  superizposed on t h e  probe v o l t a g e ,  i t  

can b e  s h o ~ ~ m  t h a t  t h e  r m s  v a l u e  of t h e  fundamental frequency component 

of t h e  probe  c u r r e n t  i s  p r o p o r t i o n a l  t o  t h e  f i r s t  d e r i v a t i v e  of t h e  

I-V c h a r a c t e r i s t i c ,  i f  t h e  cube of t h e  ampli tude of t h e  a-c s i g n a l  is  

snla.11 co-n~pared v i t h  t h e  ampli tude of the  a-c s i g n a l .  Thus, i f  i t  were 

possible.  t o  d e t e c t  t h e  fundanlentrl  conponent of t h e  probe c u r r e n t  ancl 

a l s o  o b t a i ~ l  t h e  d i ~  tsiburiori .  f ~ i 1 c t i . 0 ~ 1  from t h e  f i r s t  d e r i v a t i v e  of  the 



I ..:,r c i l a r a ~ t c r i s t i c ,  one cou1.d compare these '  r e s u l t s  w i th  those  

,!,:.,lined us ing  D r .  Bond's method and d e t e ~ m i n e  i f  t h e  a-c signal 

d z t ~  a l t e r ' t h e  e l e c t r o n  speed -d i s t r i bu t ion - func t ion .  
. . 

Objec t  of This  Experiment 

In orde r  t o  perform t h e  experiment desc r ibed  a b o v e , ' i t  i s  essen- 

t i a l  t o  have a  h igh  vacuilm system. The c o n s t r u c t i o n  o f ,  such a  vacuum 

!;ys tea is d i scussed  i n  t h i s  work. 'Some t h i n g s  cons idered  a r e  gabges, 

v a l v e s ,  cold  t r a p s ,  s o r p t i o n  t r a p s ,  vacuum pumps, and t h e  exper i -  ' 

scntal tube.  The vacuum system, except  f ~ r  t h e  exper imenta l  t ube ,  

c3n be baked a t  a  tempera ture  of 350° C f o r  s e v e r a l  days.  P re s su res  

In t he . r ange  of lo-' t o  loe8  or; c,an b e  o b t a i n e d  w i t h  t h i s  system, 

This t h e s i s  a l s o  p r e s e n t s  two methods f o r  o b t a i n i n g  t h e  d e r i v a t i v e  

of the probe I-V c h a r a c t e r i s t i c .  The in s t rumen ta t ion  of both methods 

and t e s t s  t o  determine i f  t h e  i n s t r u m e n t a t i o n  o p e r a t e s  c o r r e c t l y  a r e  

described. I n  t h e  f i r s t  method a n  o p e r a t i o n a l  a m p l i f i e r  i s  used t o  

d i f f e r e n t i a t e  t h e  I-V curve,  and i n  t h e  second method a lock- in  ampli- 

f i e r  is used t o  o b t a i n  t h e  d e s i r e d  d e r i v a t i v e .  



Lord p re s su re s  o r  h igh  vacuurns can bc ob t a ined  w11cn the  f o l l o w -  

ice pqu3tion is  s a t i s f i e d :  

Rate of > Rate  of 
Renioval of Gas - Inf low of  Gas 

Some of t h e  f a c t o r s  a f f e c t i n g  t h e  r a t e  of removal of ga s  a r e  t h e  

\lncuum pumps, t h e  d iameter  of t u b i n g ,  and t h e  type  of cold t r a p  used.  

-4 
Pressures  of 10  rnln of mercury can be  ob t a ined  us ing  a  forepucip o r  

mecllanical pump, b u t  t o  ach i eve  h i g h e r  vacuums i t  i s  neces sa ry  t o  

use a d i f f u s i o n  pun!p. When u s i n g  a  d i f f u s i o n  pump, which must b e  

exhausted i n t o  a  mechacical  pump t o  be  e f f i c i e n t ,  p r e s s u r e s  of 10  -11 

Torr ( 1  Torr  = 1 mm Hg) can be  ob t a ined .  The pumping f l u i d  f o r  t h e  

forepump i s  o i l  and t h a t  f o r  a  d i f f u s i o n  pump i s  o i l  o r  mercury. The 

l a r g e r  t h e  pumps t h e  g r e a t e r  t h e  r a t e  of removal of ga s .  The d i ame te r  

of t ub ing  i s  impor t an t  i n  de t e rmin ing  t h e  f low of gas  o u t  of a  system. 

If t h e  mean f r e e  p a t h  of a  ga s  molecule  i s  s m a l l  compared w i t h  t h e  

diameter  of a  t ube ,  t h e  f low is  desc r ibed  a s  v i s c o u s ,  b u t  i f  t h e  mean . 

f r e e  p a t h  i s  l a r g e  compared v i t h  t h e  d iameter  of a  t ube ,  t he  molecules  

c o l l i d e  w i t h  t h e  ~ . : a l l s  and proceed i n  a  c h a o t i c  manner. The £10~.7 i s  

then desc r ibed  a s  molecular  fl0f;l. Thus, i t  i s  impor tan t  no t  t o  u se  

tub ing  wi th  a  v e r y  s ina l l  i n n e r  d i ame te r .  The mean f r e e  pa th  a t  atmos- 

-6 3 
p h e r i c  p r e s s u r e  i s  of t h e  o r d e r  of 7 x 1 0  cm and i t  i s  about  5 s 10 ctn 

a t  To r r .  Seve ra l  i y p c s  of  tr;i?s cso be u s e d  on a vscilo:n s y s t r i ~  to 



collect vapor s .  A l jquid-n-i  1:rc;t;cil co1.d t r a p  i s  f r e q u e n t l y  used on 

vacuum sys tems ,  b u t  sometimes i.t i s  p o s s t b l e  t o  use an  a l l  g l a s s  

s o r p t i o n  t r a p  i n  p l a c e  of t h e  l i q u i d  n i t r o g e n  co ld  t r a p ,  

n?o  f a c t o r s  t h a t  a f f e c t  t h e  r a t e  of in f low of gas  a r e  l e a k s  and 

o u t g a s s i n g .  There a r e  v a r i o u s  methods f o r  d e t e c t i n g  l e a k s  and t h e s e  

w i l l  n o t  b e  d i s c u s s e d  h e r e .  OutgassiAg i s  t h e  f low of m a t e r i a l s  (such 

as o i l  and w a t e r  vapor)  o u t  of a s u r f a c e  such a s  s t a i n l e s s  s t e e l  o r  

rubber .  One way t o  combat ou tgas s ing  of a  me ta l  o r  g l a s s  system i s  

t o  bake t h e  e n t i r e  vacuum system, exc luding  pumps, a t  a  h i g h  tempera- 

t u r e  f o r  s e v e r a l  days .  

2 .1  ~ h &  I n i t i a l .  Vacuum System 

The i n i t i a l  vacuum s t a t i o n  was a  G r a n v i l l e - P h i l l i p s  s e r i e s  225 

u l t r a - h i g h  vacuum pumping s t a t i o n .  Th i s  system c o n s i s t e d  of a fo re -  

pump, o i l  d i f f u s i o n  pump, co ld  t r a p ,  and c o n t r o l  pane l .  F igu re s  2 .1 ,  

2.2, and 2.3 shot7 t h e  i n i t i a l  vichuni system. The forepump is  a tiio- 

s t a g e  21 - l i t e r -pe r -n inu te  e l e c t r i c  motor d r i v e n  r o t a r y  pump, and t h e  

d i f f u s i o n  pump i s  a  t h r e e - s t a g e  f r a c t i o n a t i n g  pump wi th  a  two-inch 

d iameter  pumping p o r t .  Because of i t s  l01.7 vapor  p r e s s u r e  and i t s  h igh  

r e s i s t a n c e  t o  o x i d a t i o n ,  Dow Corning type  DC 705 o i l  was used i n  t h e  

d i f f u s i o n  pump. Added t o  t h e  i n i t i a l  vacuum s t a t i o n  by a  former grad- 

u a t e  s t u d e n t ,  Edward P r i c e ,  were t h r e e  v a l v e s ,  a  t a b l e  w i th  a  m a r i n i t e  

top  t o  suppor t  t h e  exper iment ,  and gauge B a s  sho.c+m i n  F igu re  2 . 4 .  

Valve A is  used a s  t h e  ma in  g a t e  v a l v e  ~.;hich a1lo-c.r~ tile system p r e s s u r e  

t o  be  r a i s e d  t o  atmospheric p r e s s u r e  .c.:5ile the  pu!r,ps a r e  s t i l l  o p e r a t i n g .  





FIGURE 2.2 

THE INITIAL VP\CUUM SYSTEM 
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: 
i Valve A i s  a  one-inch GI-anvil 1 e-?h i l l  ips type I, u l t r a - h i g h  vacuuni 
I 
f 
! va lve .  Valve F is used t o  a l low t h e  system t o  be  rough pumped b e f o r e  
i 
t 
i opening v a l v e  A. Valve F i s  a  Granvi1l.e-.Phill ips t ype  C u l t r a - h i g h  
I 
t 
i vacuum v a l v e  series 202. Valve C is used t o  l e t  t h e  gas  i n t o  t h e  
I 
i 

i 
system"from t h e  gas ntanifold.  Val-ve C i s  t h e  same type  a s  v a l v e  F. 

1 Gauge B is a  Bayard-Alpert  i on i . i a t i on  gauge, capab le  of measuring 

-4 p r e s s u r e s  from 10 t o  lom9 Torr .  The gauge i s  a Veeco type  RG75P. 

2.2 A l l  Glass  Sorp t ion  Trap - 

I The type  of t r a p  t h a t  was used, t o  ca t ch  t h e  oil .  t h a t  d i f f u s e s  

o u t  of t h e  vacuum puinp and t h e  vapors  drawm o f f  t h e  s y s t e n  i s  an a l l  

I g l a i s s o r p t i o n  t r a p .  A C r y o s o r b C o l d T r a p c a n e w i t h t h e i n i t i a l  

I 
I 

vacuum s t a t i o n .  T h i s  t r a p  u se s  l i q u i d  n i t r o g e n  a s  a  coo lan t .  The 

I t r a p  r e q u i r e s  r e f i l l i n g  every  15 hours'; i f  t h e  t r a p  i s  allo\a~ed t o  
I 

become empty, c o l l e c t e d  vapor s  w i l l  d i f f u s e  back i n t o  t h e  system. 

To circumvent t h e  p o s s i b i l i t y  of having t h e  vacuum system become con- 

taminated i n  t h e  e v e n t  t h e  co ld  t r a p  becones empty, and t o  a l l e v i a t e  

t h e  problem of o b t a i n i n g  l i q u i d  n i t r o g e n  and of f i l l i n g  t h e  t r a p  every  

15 hour s ,  a  new vacuun t r a p  made e n t i r e l y  of g l a s s  was b u i l t  and used.  

This  g l a s s  s o r p t i o n  t r a p ,  a s  i t  is  c a l l e d ,  was designed by' F. B.  H a l l e r  

a t  t h e  Na t iona l  Bureau of Standards i n  Boulder ,  Colorado, i n  1964.  

The t r a p p i n g  a g e n t  i s  Vyc.or Brand t h i r s t y  g l a s s  (Corning code 7 9 3 0 ) .  

The t h i r s t y  g l a s s  i s  a  ve ry  porous g l a s s  which e x h i b i t s  very  good 

adsorb ing  p r o p e r t i e s .  Th i s  gl-sss  is  mechanical ly  hard and s t r o n g ,  non- 

d u s t i n g ,  non f l ak ing ,  and chemical ly  i n e r t .  The g l a s s  provides  



11 

,.,rosinntely 250 squa re  meters  of i n t e r n a l  s u r f a c e  a r e a  p e r  gram. 
J *  t 

:.::p so r ,> t ion  t r a p  i s  shown i n  F igure  2.5. The s o r p t i o n  t r a p  was 

froin f i v e  3 mrn t h i c k  d i s k s ,  which a r e  5  cm i n  diameter .  , ~h~ 

used  t o  suppor t  t h e  d i s k s  was made of Corning type.7052 g l a s s .  

;-;.:c body was 'paddled around t h e  d i s k s  a s  a  means of suppor t .  Each 

J!5k had a V-shaped s l o t  c u t  i n t o  i t  s o  t h a t  t h e  pumping speed wduld 

co t  bc reduced. The d i s k s  were then  s t acked  and t h e  s l o t s  were s t a g -  

ge red  t o  provide  an  o p t i c a l l y  dense b a i f l e  through t h e  t r a p .  The 

Lr2p was connected t o  m e t a l  f l a n g e s  by means of g l a s s  t o  me ta l  s e a l s ,  

and i t  was then  b o l t e d  i n t o  t h e  system. ~ f t e r  an  i n i t i a l  bakeout  a t  

- 9 
350" C ' f o r  two days ,  p r e s s u r e s  of 10  Tor r  were measured .on t h e  s y s t e z  

I 

c i d c  of t h e ' s o r p t i o n  t r a p  w i t h  a  Bayard Alpe r t  i o n i z a t i o n  gauge. With 

the gas manifold and exper imenta l  t u b e  on t h e  system, a  ' p r e s su re  0.f 

Torr  has  been main ta ined  on t h e  system s i d e  of t h e  s o r p t i o n  t r a p  

f o r  s e v e r a l  months. Th i s  g l a s s  s o r p t i o n  t r a p  i s  e a s i l y  adapted t o  a 

g l a s s  o r  meta l  system, and i t  'can b e  mounted i n  any p o s i t i o n  t h a t  i s  

des i red .  

2.3 The   as Flanifold 

The problem of f i l l i n g  t h e  vacuum system w i t h  a  gas  t h a t  w i l l  be  

cscd d u r i n g  an experiment i s  cons idered  nex t .  The gas manifold was 

ccns!ructed as shoim in Figures  2.6, 2.7,  and 2.8. The gas b o t t l e s ,  

cc:-:?ining one l i t e r  of neon and hel ium a t  one atmosphere, were sup- 

, -. "" ' j  ' . L C  G1.l a cardboard sllbf'rarne and a plys~ood mainframe. The b o t t l e s  

:;"nlcd and a  l i t t l e  t i t ,  a s  shot.nl i n  F igu re  2 . 6 ,  must b e  broken 



FIGURE 2.5 
GLASS SORPTIOII TRAP 





FIGURE 2.7 
E W OF THE GAS MAhIIFOLD 



FIGURE 2.8 
VIEW OF THE GAS MANIFOLD 



:, t h e  gas .  A g l a s s ' e n c l o s e d  n a i l ,  which can b e  l i f t e d  wi th  

,  net, w a s  used t o  b reak  t h e  s e a l s .  Before t h e  t i t  i s  broken t h e  

- ,s  manifold must b e  evacuated w i t h  v a l v e s  D and E opened. '  Then  a !.' 
>,at tape was wrapped around t h e  tub ing  and g l a s s  t r a p s ,  and t h e  

tc:perature'was i n c r e a s e d  t o  300' C t o  h e l p  e l i m i n a t e  outgass ing .  

ae g l a s s  was baked f o r  s e v e r a l  days.  The v a l v e s  C,  D,  and E were 

closed and t h e  s e a l s  broken. Glass  t r a p s  were p laced  between t h e  
\ 

~ , ~ l v e  and the  b o t t l e  t o  c a t c h  any g l a s s  fragments  t h s t  would b e  sucked 

i n t o  t he  sys tem from t h e  broken s e a l .  These fragments  could damage. 

valve. s e a t s  and p r e v e n t  them from s e a l i n g .  The p i g t a i l ,  shovm i n  

Fig,ures 2.6 and 2.8, was used t o  .a l low f o r  expansion of g l a s s  dur ing  

.the bakeout and f o r  c o n t r a c t i o n  of t h e  bel lows on v a l v e s  C i n d  F when 

under vacuum. With t h e  gas  manifold a s  shown, t h e  system may b e  f i l l e d  

to  a p r e s s u r e  of  1000 microns s e v e r a l  hundred t imes .  

2.4 Gauges f o r  ~ ~ e a s u r e m e n t  of P r e s s u r e .  

The r a n g e  of  p r e s s u r e s  (lom7 t o  2 Torr )  is  s o  g r e a t  t h a t  onq 

GJuse cannot b e  used t o  measure t h e  ' e n t i r e  range of p re s su re .  A 
. . 

Payard-Alpert i o n i z a t i o n  gauge was used t o  measure t h e  p r e s s u r e  i n  

t>e range of lf4 t o  lo-" Tor r .  Th i s  t r i o d e  tube  shown i n  F i g u r e  2.9 

"?crates as f o l l o : , ~ ~ .  The tube  i s  p l aced  on t h e  vacuum system, and t h e  

f i l anen t  is  h e a t e d  s o  t h a t  t h e  emissLon i s  t e n p e r a t u r e  l i m i t e d ;  t h e  

is a t  a p o s i t i v e  p o t e n t i a l  w i t h  r e s p e c t  t o  t h e  ca thode ,  and t h e  

r.2llcctor is a t  a s l i g h t  ne,gative p o t e n t i a l  w i th  r e s p e c t  t o  t h e  cathode.  

. 
'.."I1 t h e  tube  is  o p e r a t i n g ,  t h e  g r i d  w i l l  pu1.l a st-ream of e l e c t r o n s  
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from.the f i l a r r en t .  Most of t h e s e  e l e c t r o n s  w i l l  pa s s  through the  

and s i n c e  t h e  c o l l e c t o r  is  a t  a  n e g a t i v e  p o t e n t i a l ,  i t  w i l l  r e p e l  

the  e l e c t r o n s ,  s end ing  them back toward t h e  f i l a m e n t .  Some of t h e  

e l e c t r o n s  w i l l  make many o s c i l l a t i o n s  p a s t  t h e  g r i d  b e f o r e  be ing  

a t t r a c t e d  t o  it. A s  t h e  e l e c t r o n s  t r a v e l  between t h e  g r i d  and c o l l e c -  

t o r ,  some w i l l  i o n i z e  gas  molecules  t h a t  might be present',  and t h e  

p o s i t i v e  i o n s  w i l l  b e  c o l l e c t e d  by the  c o l l e c t o r ,  which i s  nega t ive  

wi th  r e s p e c t  t o  t h e  g r i d .  A measure of t h e  i o n  c u r r e n t  is a  measure 

of t h e  p r e s s u r e .  F i g u r e  2.9 shows t h e  l o c a t i o n .  of t h e  Bayard-Alpert 

gauies .  Gauges A and B a r e  t h e  same type  i o n i z a t i o n  gauge. Gauge A 

enables.  t h e  exper imenter  t o  measure t h e  p r e s s u r e  on the '  system s i d e  

of v a l v e  A, and gauge B a l lows  f o r  measurement of t h e  p r e s s u r e  on t h e  

pump s i d e  of v a l v e  A. The i o n i z a t i o n  gauge c o n t r o l l e r  is sho~,m' . in  t h e  

top  o f . F i g u r e  2.10. It is a  G r a n v i l l e - P h i l l i p s  S e r i e s  236 model 02 

c o n t r o l l e r ,  and i t  is  capable  of i n d i c a t i n g  p r e s s u r e s  from atmosphere 

t o  lo-'' To r r  . 
A P i r a n i  vacuum gauge can b e  used t o  measure t h e  p re s su re  i n  t he  

-4 range of 2 Tor r  t o  10  Torr  . P e  P i r a n i  gauge is  a r e s i s t a n c e  el.ei;!cnt 

t h a t  i s  tempera ture  s e n s i t i v e .  A s m a l l  amount of power, which is nain- 

t a i n e d  c o n s t a n t , . i s  a p p l i e d  t o  t h e  r e s i s t a n c e  el.ement, and a s  gas  nolc- 

cules  h i t  t h e  element and absorb energy, t h e  temperature w i l l  c h a ? ~ ~  

arid cause t h e  r e s i s t r n c e  t o  change. The change i n  r e s i s t a n c e  car! be 

r e l a t e d  t o  a change i n  p r e s s u r e .  One P i r a n i  gauge was used on t h i s  

vacuuni system. It was l o c a t e d  on t h e  main l i n e  o f .  t h e  gas manj f o l d  2.: 

shor.ln i n  F igu re  2 .6 .  On t h i s  vacuum systein the. P i r a n i  gauge \,?as 
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to measure p re s su res  fro111 100 r:~icrons t o  1500 n ~ i  cror>s. The P i r a n i  

gauge cont ro l le l :  w i th  i t s  i n d i c a t i n g  meter i s  shoiirl i n  t he  bottom of 

F igure  2.10. The P i r a n i  gauge is  used t o  monitor t h e  p r e s s u r e  i n  the  

vacuum system dur ing  a c t u a l  experiments.  
. . 

2.5 The Esnerimental Tube 
- L  .---.- 

The e x p e r i n s n t a l  t ube  is  s h o ~ m  i n  F igure  2 .12  wi th  a  cold-cathode 

d i scha rge  i n  i t .  The t u b e  i s  110 cm long and 5 c n  i n  d i ame te r ,  and t h e  

spzc ing  behreen t h e  anode and czthode i s  SO cm, The tube  had p rev ious ly  

been used . for  s tudy ing  gas d ischarges .  It had a  movable cathode assem- 

b l y  which used a  v i t o n  "0" r i n g  s e a l .  The movable cathode assembly 

w a s  removed, and a f i x e d  cathode was assembled and mounted on the  tube. 

The cathode was inade from tungs ten  wi re ,  and i t  was supported by two 

molybdenum rods .  The molybdznum rods were welded t o  tungs ten  feed-  

throughs on a  g l a s s  p r e s s .  A h e a t  s h i e l d  was necessary  t o  prevent  t h e  

g l a s s  around t h e  cathode from bedoming ho t  enough t o  s a g  o r  me l t .  The 

h e a t  s h i e l d  was made of s t a i n l e s s  s t e e l  and supported by a  molybdenum 

rod.  A t  t h e  anode end of t h e  tube t h e r e  were s e v e r a l  p o r t s  which would 

a l low t h e  experimsnter  t o  probe t h e  p o s i t i v e  column of t h e  gas d ischarge .  

The p o r t s  no t  be ing  used by t h e  probe were s e a l e d  w i t h  g l a s s  rods t h a t  

were etched t o  f i t  w i t h  hydro f luo r i c  a c i d .  Also an "0" r i n g  s e a l e d  

v a l v e  was loca t ed  a t  t h e  anode end of t he  tube.  T i ~ i s  v a l v e  allowed the 

experimenter  t o  i s o l a t e  t h e  e spe r inen t  from the  r e s t  of t h e  system. 

A f t e r  complete c o n s t r u c t i o n  of the tube ,  i t  was wcrshed wi th  Alconos, a 

d e t e r g e n t ,  and then  t h e  tungs ten  feedthroughs and cathode assern'uly were 



cleaned by e l e c t r o l y t i c  a c t i o n  us ing  a  sodium hydroxide s o l u t i o n  2s 

the  electrolyte. The tungs t en  t o  be cleaned was one elcctroclc?, a ~ i d  a  

piece of s t a i n l e s s  s t e e l  was t h e  o t h e r  e l e c t r o d e .  The tubc  was thel,. 

cleaned w i t h  Alconox, and washed wi th  a  solut j .on of hydroch lo r i c  a c i d .  

The hydroch lo r i c  a c i d  was used t o  c l ean  the  s t a i n l e s s  s t e e l  anode and 

h e s t  s h i e l d .  The tube  was then  washed wi th  Alconox and r i n s e d  witlt 

d i s t i l l e d  wa te r .  The tube  was a l l o ~ i e d  t o  dry w h i l e  t h e  r e s t  of t h e  

vacuum system was be ing  baked. The, tube  i t s e l f  cou1.d n o t  b e  baked 

because .of  t h e  "0" r i n g  s e a l s ,  i n  t h e  probe p o r t s  and i n  t h e  va lve  on 

' .  t he  cnode end of t h e  tube. These "0" r i n g s  cannot be  r a i s e d  t o  h igh  

temperatures .  

The oven used f o r  baking ou t  t h e  system was made from s t e e l  rods 

and z o n o l i t e  g l a s s  f i b e r  i n s u l a t i o n  covered wi th  aluminum f o i l .  Elec- 

t r i c  s t o v e  elements  were used a s  a  sou rce  of h e a t ,  and a  -5 t o  400' C 

thermometer was used t o  monitor  t h e -  temperature.  

A f t e r  t h e  system cooled t o  room temperature t h e  exper imenta l  tube  

was mounted t o  i t  by nieans of a  35/20 b a l l  j o i n t  w i t h  an  "0" r i n g  s e a l .  

The e n t i r e  system was then  brought  t o  a  101.7 p r e s s u r e .  The experimental  

tubc r.7a.s wrapped wi th  h e a t  t ape  and the  temperature was r a i s e d  t o  300' C 

be ing  ca re fu l  no t  t o  l e t  t h e  "0" r i n g  s e a l s  g e t  over  h e a t e d .  A f t e r  

scvc-rnl days the  tube bras al.lo\,led t o  cool  t o  roor;l t empera ture .  The 

syster l  was then  ready t o  b e  used. 

2 .6  Circui  t and Cqt1ipi;icnt Uscd t o  Fire the  Disc i~nrnc  --.- .--, -- -- -- -.-- .- .-C'-- 

'itle circui.lr. used t o  f i r e  tile disc11ar5e i s  s11or~il i n  F igure  2.11. 
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The f i lament  supply  was a  Igestern E l e c t r i c  F l o t r o i  Plodel U1200B. The 

f i lament  supply  was v a r i e d  by va ry ing  the  inpu t  a-c v o l t a g e .  The 

d-c supply v o l t a g e  used t o  f i r e  t h e  d ischarge  was a Kepco model 605 

(0-600V) i n  s e r i e s  wi th  a Heathki t  l iodel PS-4(0-400V). A c u r r e n t  

. . 
l i m i t i n g  r e s i s t o r  \:.as i n s e r t e d  i n t o  t h e  c i r c u i t  t o  limit t h e  tube  cur- 

r e n t  when t h e  d i scha rge  i n i t i a l l y  f i r e s .  A Hewlett  Packard Piodel 427A 

vo l tme te r  measured t h e  tube  v o l t a g e .  A Pyro 3licro--Optical Pyrometer,  

s e r i a l  number H5341, was used t o  measure t h e  cathode temperature s o  

t h a t  i t  could be  ad jus t ed  f o r  c o r r e c t  emission.  The cathode tempera- 

t u r e  was approsirnately 2143' K which corresponded t o  a  d-c f i l amen t  

c u r r e n t  of 43 amperes. A blo~irer kep t  t h e  g l a s s  around t h e  cathode 

coo l .  

An e x i s t i n g  probe was i n s e r t e d  i n t o  a p o r t  on t h e  tube ,  and t h e  < 

ou tpu t  was.monitored wi th  an osc i l l o scope .  The o s c i l l o s c o p e  determined 

whether  t h e  d ischarge  was o s c i l l a t i n g .  The d ischarge  tube  was f i l l e d  

w i t h  neon t o  a  p r e s s u r e  of 1000 microns from t h e  gas manifold.  With 

t h e  f i l amen t  c u r r e n t  a t  43 amperes, approximately n ine  hundred v o l t s  

were r equ i r ed  a c r o s s  t h e  tube t o  f i r e  t h e  d ischarge .  The v o l t a g e  was 

reduced t o  350 v o l t s  when t h e  gas was ion ized .  The discharge  was i n i -  

t i a l l y  a pi l rple  c o l o r ,  i n d i c a t i n g  "d i r t1 '  i n  t h e  tube.  Some of t h i s  

contaminat ion i s  caused by e l e c t r o n s  knocking molecules o f f  s u r f a c e s  

i n s i d e  t h e  tube .  Af te r  t h e  d ischarge  tube uas  f i l l e d  s e v e r a l  t imes 

an3 f i r e d ,  t h e  co lo r  became a  brigh: orange a s  sho;.n~ i n  F igu re  2.12. 

The orange c o l o r  i n d i c s t e d  a  c lean  d ischarge .  



FIGURE 2.12 
DISGHARGE TUBE 

WITH A COLD CATHODE DISCHARGE 



Severa l  parameters  .ij.e.r-c founcl t o  a f f e c t  .c.41ether a q n i e t  disci large 

could be obta indd .  They were contai i~inat ion , i n  t he  tube,  f ilarnent cur-  

r e n t ,  p r e s s u r e ,  and tube vol-tage. A cl-iiet d i scha rge  was obtain'ed wi th  

a pres su re  of 250 microns,  f i G m e n t  cu r r en t  of 43 amperes, tube v o l t a g e .  

of 325 v o l t s ,  and tube  cu r r en t  of 50 mill-iamyeres.  Through cont inued 

u s e  of t h e  d i s c h a r g e  tube ,  i ons  s p u t t e r e d  away some of t h e  s t a i n l e s s  

s t e e l  of t h e  h e a t  s h i e l d .  The s t a i n l e s s  s t e e l  molecules \:rere c o l l e c t e d  

on t h e  g l a s s  tube .  This can be seen  a s  the  d a r k e m d  end of t h e  d i s -  

charge tube  i n  F i g u r e  2.12. 

A preSsure  o f  1 x Torr  was measured a f t e r  t h e  system rvas 

pumped. dovrn. The vacuum system has  been ope ra t ing  cont inuously s i n c e  

June,  1968. F i g u r e s  2.13, 2.14, and 2.15 shov d i f f e r e n t  v i c i ~ s  of t h e  

vacuum system. 









There a r e  s e v e r a l  ways t o  o b t a i n  t h e  f i r s t  d e r i v a t i v e  of sone 

f u n c t i o n .  The two ~ e t h o d s  t h a t  w i l l .  be  d iscussed  h e r e  a r e  t h e  use  of 

an o p e r a t i o n a l  a n i p l i f i e r  a s  t h e  d i f f e r e n t i a t o r  and t h e  use  of a lcck-  

i n  a m p l i f i e r  t o  o b t a i n  t h e  d e r i v a t i v e  of t h e  f u n c t i o n .  It i s  known 

t h a t  t h e  s i g n a l  t o  b e  d i f f e r e n t i a t e d  i s  t h e  cu r r en t -vo l t age  cha rac t e r -  

i s t i c  of a Langnuir Probe.  The gene ra l  shape of t h e  I - V  c h a r a c t e r i s t i c  

is  s h o ~ ~ m  i n  t h e  F i g u r e  3.1,  b e l o i ~ .  

+Probe Voltage R e l a t i v e  t o  Anode+ 

F i g u r e  3.1 

I-V C h a r a c t e r i s t i c  

3.1 The Opera t iona l  Amplif ier  ;\.lethod 

i 
i A b l o c k  diagram of a d i f f e r e n t i a t o r  employing an o p e r ~ t l o n a l  

I a m p l i f i e r  i s  shor-7n i n  F igu re  3 . 2 .  The Probe i s  b i a s e d  a t  a  n e g a t i v e  

/ p o t e n t i a l  and swept l i n e n r l y  i n  t ime a t  a  frequency of 0 . 1  Hz by 2 
i 
I 

i t r iangular -wave  g e n e r a t o r .  The probe c u r r e n t  i s  determinad by mzzsur- 

i n g  t h e  v o l t a g e  a c r o s s  a s ens ing  r e s i s t o r .  

2 9 
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llle amplif ie;  used is  an operati.ona1 ampl i f i e r  with a  ga in  (-R) 

equal  t o  the  negat ive  of the  r a t i o  of the  feedback r e s i s t a n c e  t o  t h e  

r e s i s t a n c e  i n  s e r i e s  wi th  t h e  inpu t .  

The d i f f e r e n t i a t o r  has  a  ga in  (-D) determined by the  negat ive  

of the 'product  of t h e  feedback r e s i s t a n c e  and t h e  capacitance i n  s e r i e s  
I 

I w i t h  t h e  i n p u t  . i 
A lox-frequency func-tion generator  i s  used t o  supply t h e  t r iangu-  

f 
i 
i lar  v o l t a g e  waveform, and a  d-c supply is  used f o r  t h e  negative b i a s  
I 
I p o t e n t i a l .  
1 

i The output  of t h e  d i f f e r e n t i a t o r  can be  seen on an osc i l loscope  
4 

I or p l o t t e d  by an X-Y recorder .  

! Since  ' t h e  output  of t h e  d i f f e r e n t i a t o r  i s  some constant  times 

t h e  d e r i v a t i v e  of t h e  probe current  with r e spec t  t o  time, i t  i s  nec- - 

e s s a r y  t o  show how t h i s  i s  r e l a t e d  t o  t h e  d e r i v a t i v e  of probe cur ren t  

wi th  r e s p e c t  t o  probe vol tage .  
4 

The v o l t a g e  Vs across  t h e  sensing r e s i s t o r  is: 

The v o l t a g e  out  of t h e  d i f f e r e a t i a t o r  

. .. 

is  theref  ore:  

Now i f  we consider  one q u a r t e r  of a  cycle  of the  t r i a n g u l a r  vo l t age  
t , 

waveform s t a r t i n g  a t  t = 0, we s e e  t h a t  the t r i a n g u l a r  vo l t age  is :  

= K t where: 
1 



4(Peak Value of V ) 
K1 = T K l  - 

T (3,1.4) 

nle probe v o l t a g e  wi th  r e spec t  t o  t h e  anode is:  ' 

The d e r i v a t i v e  of V i s  : 
P 

- On s i b s t . i t u t i n g  (3.1.6) i n t o  ( 3 . 1 7 ,  w e  have: 

s u S s t i t u t i n g  (3.1.8) i n t o  (3.1.2) g ives :  

Solving f o r  t h e  d e r i v a t i v e  of I w i t h  r e s p e c t  t o  V y i e l d s :  
P P 

d I  V 
P= 0 
dV ' BDR K1 

P S 

-. 
: '  "" s e e  t h a t  t he  output  of t h e  d i f f e r e n t i a t o r  m u l t i p l i e d  by a  

r :;;:ant i s  equal  t o  t h e  des i r ed  d e r i v a t i v e .  



' 3 . 2  The Lock-In Amplifier !!sthod --- 

A block diagram f o r  measurement of d I  /6t; u s ing  a  lock-in 
P ?  

n - - i > l i f i e r  is shown i n  F igu re  3 . 3 .  The d-c b i ~ s ,  low-frequency f u n c t i o n  

gcr,crntor,  and t h e  o p e r a t i o n a l  a m p l i f i e r  a r e  tY.2 same a s  d iscussed  i n  

scct iot l  3.1. An audio o s c i l l a t o r  i s  used a s  t5.e sou rce  of t h e  a-c 

R and R s e r v e  a s  a  v o l t a g e  d i b i d e r  t o  ~ i j u s t  t h e  ampli tude of 
1 2 

the  a-c s i g n a l .  A s m a l l  a-c s i g n a l  i s  needed s o  t h a t  a n ' a c c u r a t e  d e r i -  

va t ive  curve can b e  ob ta ined .  Also,  t h e  r e f e rznce  s i g n a l  t o  t h e  lock-  

i n  ampl i f ik r  is  f e d  through a  one-to-one audic  t ransformer t o  i s o l a t e  

t he  audio o s c i l l a t o r  and lock-in a m p l i f i e r .  R and R s e r v e  a s  a  , 3 4 

vpl tage  d i v i d e r  s o  t h a t  t h e  proper  r e f e rence  s5gnal  can be  ob ta ined .  

The lock-in a m p l i f i e r  i s  a  type  121  made by Pr ince ton  Applied Research 

Corporation. 

A s  can be seen  from F igu re  3 . 3  t h e  probe v o l t a g e  is t h e  sum of 

the  t r i a n g u l a r  v o l t a g e  from t h e  low-frequency func t ion  gene ra to r ,  t h e  

a-c v o l t a g e  from t h e  audio  o s c i l l a t o r ,  and a  2-c b i a s  v o i t a g e .  The 

probe v o l t a g e  can  be  w r i t t e n  a s  fo l lows :  

V = V + E cos w t  where 
P 

w = angu la r  frequency of a-c s i g n a l  

Then t h e  probe c u r r e n t  i s  some f u n c t i o n  of the probe v o l t a g z  and nay 

be expressed as :  

I = E ( V  ) = f ( V  -+ E cos at) ( 3 , 2 , 2 )  
P P  
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e go~r if f(V i s  expanded about V i n t o  a  T a y l c r  s e r i e s  in powers of 
I 

P 

E cos w t ,  t h e  'probe c u r r e n t  becoaes: 

.- 
i s  

E cos w t  (E cos  ot) 2 1 ' f(Vp) = f ( ~ )  + 
P 1 ! 

f ' ( ~ )  + - 
2 : f  " (v) 

(E cos  wt) 3 4- (E ccs wt) 
n 

. 3: f l / t v )  + .  , . + 
n! f "(v) (3 .2 .3)  

I ; 
On expanding and c o l l e c t i n g  t e r m  we obta in :  

If  i t . i s  p o s s i b l e  t o  d e t e c t  only t h e  f u n d r e n t a l - f r e q u e n c y  component 
>- 

3 of I and i f  E /8  << E, t h e n  i t  can be s e e n  t h ~ :  t h e  f i r s t  d e r i v a t i v e  
P 

of t h e  probe c u r r e n t  w i t h  r e spec t  t o  probe v o l t z g e  i s  p r o p o r t i o n a l  t o  

t h e  magnitude of t h e  fundamental frequency compoaent of I . 
P 

- Refe r r ing  t o  F i g u r e  3 . 3 ,  t h e  v o l t a g e  d e v e l q e d  a c r o s s  t h e  sens ing  

r e s i s t o r  i s  I R . This  s i g n a l  is f e d  i n t o  an o i s r a t i o n a l  a m p l i f i e r  
P S  

w i t h  a g a i n  -B. The ou tpu t  of t he  a m p l i f i e r  is t h u s  - B I  R . The s i g n a l  
P S  

is then  f e d  i n t o  a lock- in  a x p l i f i e r .  The lock- in  a m p l i f i e r  i s  a  pre-  

c i r i o n  d e t e c t o r .  A r e f e r e n c e  s i g n a l  a t  t he  sacis f requency  a s  t he  s i g n a l  

t o  be de tkc i ed  is f e d  i n t o  t h e  r e f e rence  channel  of t h e  lock- in  a m p l i f i e r .  



,$ f : i -pl j . f ied block diagram of t he  lock-in a m p l i f i e r  is s l ~ o ~ m  i n  

2 ;2;ui.e 3 . 4 .  The s i g n a l  i s  coupled t o  2 ' tuned a m p l i f i e r  t h a t  pas ses  

band of frequencies centered  about t h e  f requency  s e l e c t e d  on t h e  

fri::t-p3nel f requency-d ia l .  The a c t u a l  bandwidth of t h e  a m p l i f i e r  i s  

3 func t ion  of t h e  s e l e c t e d  Q. The output  of t h e  tuned a m p l i f i e r  is  

1 7 q l f c d  a long  wi th  t h e  r e f e r e n c e  s i g n e l  t o  t h e  Phase S e n s i t i v e  Demodu- 
' i t  

l 3 t o r  ( ~ i x e r ) .  Here .synchronous demodulation is employed t o  conver t  

r i ~ c  a-c s i g n a l  t o  a p r o p o r t i o n a l  d-c s i g n a l .  The a-c f l u c t u a t i o n s  i n  

thc d-c l e v e l  a t  t h e  ou tpu t  of t h e  mixer a r e  due t o  n o i s e  and o t h e r  

f rcjuency coinponents. Ti;e s i g n a l  is  then  a m p l i f i e d .  The n o i s e  f l u c -  

t u a t i o n s  a r e  reduced t o  an i n s i g n i f i c a n t  l e v e l  by p a s s i n g  through a  

d-c a r ~ p l i f i e r .  The frequency response of t h e  d-c a m p l i f i e r  is  d e t e r -  

a ined  by the s e t t i n g  of a  f ront -panel  Tine Constant  Switch. The mixer 

and d-c a m p l i f i e r  combination can b e  thought of a s  a  c o r r e l a t o r  per-  

forinin2 the  f u n c t i o n  of c r o s s  c o r r e l a t i o n  of t h e  i n p u t  s i g n a l  and 

re ference  s i g n a l .  The time cons t an t  c o n t r o l s  t h e  pe r iod  of i n t e g r a t i o n ,  

I f  f l u c t u a t i o n  appears  a t  t h e  output  of t h e  lock- in  a m p l i f i e r  t h e  t ime 

constant  i s  i n c r e a s e d ;  t hus ,  i nc reas ing  t h e  i n t e g r a t i o n  time and averag- 

ifti: out the  f r e q u e n c i e s  n o t  a t  t h e  r e f e r e n c e  frequency.  The time cons t an t  

1s s e t  by observing t h e  pane l  meter and i n c r e a s i n g  t h e  time cons t an t  

~ , ? t i l  3 s a t i s f a c t o r y  contpromise between t h e  suppres s ion  of n o i s e  and 

'::- r ; ) ~ o d  of response is  r e a c l ~ e d .  Because t h e  lock- in  a m p l i f i e r  i s  

I .  t he  f i r s t  harinonic of t he  probe c u r r e n t ,  i t s  output  i s  equzl  

:;) 3 C o n s t a n t  tintcs t h e  dc r iva t i \ r e  of I w i t h  r e s p e c t  t o  V . 
P P  





Since a p l o t  of t h e  current-vol-tage c h a r a c t e r i s t i c  f o r  a  Langmuir 

probe i s  des i red  when making probe s t u d i e s ,  one can th ink of t h e  I-v 

E p l o t  a s  a measure of t h e  v a r i a b l e  r e s i s t a n c e  of t h e  discharge.  Each 

g 
i point  along t h e  curve rep resen t s  some value  of r e s i s t ance .  One possi-  
i 
.I b l e  way t o  check t h e  ins t rumenta t ion  and s e e  t h a t  i t  i s  opera t ing  tor- 

i 
i r e c t l y ,  i s  t o  r e p l a c e  t h e  probe wi th  a f ixed  r e s i s t o r  and t o  c a l c u l a t e  

% 

i" 
f t h e  va lue  of t h e  sens ing r e s i s t o r  from output vo l t age  s i g n a l s .  Resis- 
i 

t ance  c a l c u l a t i o n s  can be used t o  check the  instrunlentat ion using e i t h e r  

I t h e  lock-in a m p l i f i e r  o r  t h e  opera t iona l  ampl i f i e r  a s  a  d i f f e r e n t i a t o r .  

i Figure  4 . 1  shox~.s t h e  equipment used i n  these  t e s t s .  

. 
4.1 The Operat ional  Amplifier Method 

F igure  4.2 shows t h e  experimental s e t  up used t o  t e s t  the  i n s t r u -  --  

I mentat ion f o r  t h e  o p e r a t i o n a l  ampl i f i e r  d i f f e r e n t i a t o r  ~ e t h o d .  Becausc 

I the d e r i v a t i v e  of t h e  d-c v o l t a g e  i s  zero ,  i t  is  only necessary t o  con- 

sider t h e  t r i a n g u l a r  vo l t age  ac ross  R i n  t h e  c a l c u l a t i o n s .  The vol tage  
S 

I developed ac ross  R is: 
s 

If R << RF, t h e  approximation can be made t h a t :  
S 







The output  of tire operat , ionel  ampl.3-f i e r  with a g a i n  of (-B) is: 

Since  t h e  output  o f -  t h e  d i f f e r e n t i a t o r  i s '  (-BC) times the  d e r i v a t i v e  

of t h e  i n p u t  vo l t age ,  t h e  d i f f e r e n t i a t o r  output  w i l l  be: 

b 

The t r i a n g u l a r  v o l t a g e  can be  expressed a s  

K i s  t h e  s l o p e  of t h e  t r i a n g u l a r  wave form and i s  equal  to: 1 

4(Peak Value of VTR1) 
Kl = T ' 

Thus, t h e  d e r i v a t i v e  of V TR1 wi th  respec t  t o  t i m e  is  equal  t o  K 1 ' and 
/ 

when K i s  s u b s t i t u t e d  i n t o  Equation 4.1.4, w e  have I 

Thus, i f  w e  assume t h a t  B, R, C, and K 1 a r e  knoign constants ,  then i t  i s  

p o s s i b l e  t o  determine % o r  Rs i f  t he  o the r  is  known, and t h e  output  

v o l t a g e  of t h e  d i f f e r e n t i a t o r  can be  measured. 

A test was performed using the  s e t  up shorn i n  Figure 4 .2 .  The 

va lue  of % was s e t  equal  t o  15 K fl and the  value  of R s was va r i ed  from 

20 to 50 57. Thus, the approximation t h a t  \ << % is v a l i d .  The d-c 



supply  was s e t  a t  -20 v o l t s  and t h e  low-frequency f u n c t i o n  g e n e r a t o r  

was s e t  approximate ly  t o  i t s  maximum v a l u e  of 39 v o l t s .  The ampl i tude  

of  t h e  t r i a n g u l a r  v o l t a g e  was measured u s i n g  a  Tekt ronix  o s c i l l o s c o p e  

type  561.A. The f requency  of t h e  t r i a n g u l a r  v o l t a g e  was s e t  a t  0 . 1  Hz, 

F igure  4.3 i s  a n  o sc i l l og ram showing t h e  t r i a n g u l a r  v o l t a g e  waveforiii. 

The g a i n  of  t h e  o p e r a t i o n a l  a m p l i f i e r  was se t  a t  100. The v a l u e  of t h e  

feedback r e s i s t a n c e  was set t o  1 M Q, and t h e  s e r i e s  i n p u t  c a p a c i t a n c e  

was se t  t o  0 . 1  vf f o r  t h e  d i f f e r e n t i a t o r .  The o u t p u t  of t h e  d i f f e r e n -  

t i a t o r  was monitored us ing  a  Tek t ron ix  t ype  561A o s c i l l o s c o p e .  F i g u r e  

4.4 shows an  o s c i l l o g r a m  of t h e  d i f f e r e n t i a t o r  ou tpu t .  The d a t a  t aken  

and t h e  c a l c u l a t e d  r e s u l t s  a r e  shown i n  Tab le  I. 

The ~ o c k - 1 n  Ampl.ifier $lethod -- 

T h e ' c i r c u i t  used t o  check t h e  i n s t r u m e n t a t i o n  when us ing  t h e  lock- 

i n  a m p l i f i e r  i s  shown i n  F igu re  4.5.  Since  t h e  lock- in  a m p l i f i e r  w i l l  

f i l t e r  o u t  o r  ave rage  o u t  a l l  s i g n a l s  o t h e r  t han  t h o s e  a t  t h e  same f r e -  

quency a s  t h e  a-c s o u r c e ,  only t h e  a-c component of  t h e  v o l t a g e  s i g n a l  

needs t o  be cons ide red  when making c a l c u l a t i o n s .  The a-c v o l t a g e  s i g n a l  

developed a c r o s s  t h e  s e n s i n g  r e s i s t o r  is :  

v = (  
S 

s R + R F  ) E cos  w t  
s 

Again i f  R << R which i s  t h e  c a s e ,  V is :  
s F ' s 

- * 
"2' a a p l i f i e r  o u t p u t  is t h e n  equa l  t o :  



FIGURE 4.3 
TRIANGULAR VOLTAGE WAVEFORM 



FIGURE 4 .4- 
OUTPUT VOLTAGE 
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f 
4 7 ! t a . 

L. 
B Rs E t 

v; - cos o t  ( 4 . 2 . 3 )  
R~ 

In  t h i s  c a s e  t h e  lock- in  a n t p l i f i e r  d e t e c t s  t h e  ampli tude of t h f s  s i g n a l ,  

I because  i t  and t h e  r e f e r e n c e  s i g n a l  have t h e  same angular  f requency .  

i The r m s  v a l u e  of t h i s  s i g n a l  can be read  on a  meter  l oca t ed  on t h e  

f r o n t  p a n e l  of t h e  in s t rumen t .  The s e n s i t i v i t y  of t h e  meter  is a d j u s t -  

a b l e  i n  s t e p s  f r o n  - $. 10 mic rovo l t s  t o  - + 500 m i l l i v o l t s  f u l l  s c a l e .  The 

o u t p u t  of t h e  lock- in  a m p l i f i e r  would then  be 

b B R  E 
S VL = - (4.2.4) " RP 

Thus, i f  w e  assume t h a t  B and E a r e  known c o n s t a n t s  and t h a t  V can be  L 

measured, i t  i s  p o s s i b l e  t o  c a l c u l a t e  R when $ is  kn0.m. ' 

S 

I A t e s t  was performed us ing  t h e  s e t  up sho1.m i n  F i g u r e  4.5. $ was - 

I a 15-K &? f i x e d  r e s i s t o r  and t h e  va lues  of R were v a r i e d  from 20 R t o  
S 

50 R. The assumption t h a t  R << $ i s  v a l i d .  The ampli tude of t h e  a-c 
s -- 

s i g n a l  was measured us ing  a  561A ~ e k t r o n i x  o s c i l l o s c o p e .  The g a i n  of 

t h e  o p e r a t i o n a l  a m p l i f i e r  was s e t  t o  100 by choosing a feedback r e s i s t o r  

I e q u a l  t o  1 M $2 and a  r e s i s t o r  i n  s e r i e s  w i t h  t h e  i n p u t  of 0 .01  M Q. The 

I d-c v o l t a g e  was s e t  t o  -20 v o l t s  and t h e  t r i a n g u l a r  v o l t a g e  from t h e  

low-frequency f u n c t i o n  gene ra to r  was s e t  a t  approximately i t s  maximum 

v a l u e  of 39 v o l t s .  The audio  t r ans fo rmer  w i t h  a  one-to-one t u r n s  r a t i o  

I was used t o  i s o l a t e  t h e  lock- in  a m p l i f i e r  from t h e  a-c source .  R e s i s t o r s  

R and R were used a s  a  v o l t a g e  d i v i d e r  a s  were B and R4. These d iv id -  1 2 3 

ers al lowed s e t t i n g  of t h e  proper  l e v e l  of v o l t a g e  s i g n a l s .  The d a t a  



o o m o  
w m m u  
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Q: DISCUSSION OF F?XSULTS AND CONCLUSION - 

.5.1 Resu l t s  

-8 
. A'vacuum system capable of ob ta in ing  a  p r e s s u r e  of 10 Torr  , 

h a s  been b u i l t .  It has  been p o s s i b l e  t o  s u s t a i n  t h e  vacuum continu-  

c ~ s l y  fo r  s e v e r a l  months. The u s e  of an a l l  g l a s s  s o r p t i o n  t r a p  e l i -  

zinated t h e  need f o r  us ing  a  co ld  t r a p  and l i q u i d  n i t rogen .  The 

experimental p a r t  of t h e  vacuum system can be  brought up t o  t h e  pres -  

sure needed t o  f i r e  a  d i scharge  wh i l e  t h e  vacuum pumps a r e  s t i l l  oper- 

ating because of p laceaent  of va lves .  It i s  p o s s i b l e  t o -mon i to r  t h e  
* -9 

pressure i n  t h e  system cont inuously over  t he  range of 10 Torr  t o  

atnosphere. An experimental  tube was b u i l t  and a  d ischarge  was f i r e d  

fn 3.t. It was found t h a t  by vary ing  t h e  tube v o l t a g e ,  f i l ameat  tem- 

?era ture ,  and tube  p re s su re ,  i t  was p o s s i b l e  t o  o b t a i n  a  s t a b l e  d i s -  

c!!nrge. 

The two t echniques  d iscussed  h e r e  can be  used t o  o b t a i n  t h e  

t c r i v a t i v e  of t h e  I-V c h a r a c t e r i s t i c  f o r  a  Langmuir Probe. The two 

:"?~niques were instrumented and a  method devised t o  t e s t  t he  i n s t r u -  

: "x t" t ion  f o r  proper  ope ra t ion .  

The  f i r s t  method, u s ing  an o p e r a t i o n a l  a m p l i f i e r  d i f l e r e n t i a t o r ,  

' :'' t e s t ed .  The c a l c u l a t e d  va lues  of t he  sens ing  r e s i s t o r  were found 

. . 
' .  tJ"ery c l o s e  t o  t he  actctal  va lue  used. This  i nd ica t ed  t h a t  al.1 

. I 

' - r" ' tentat ion used i n  t h i s  method v~as  func t joning  c o r r e c t l y .  



The second technique ,  u s ing  a  lock-in a m p l i f i e r ,  was a l s o  t e s t e d .  

The c a l c u l a t e d  v a l u e s  of R were found t o  b e  ve ry  c l o s e  t o  t h e  a c t u a l  
8 

value .  The in s t rumen ta t ion  used i n  t h i s  method is, t h e r e f o r e ,  opera t -  

i ng  c o r r e c t l y .  
c 

5.2 Conclusion 

The vacuum system o p e r a t e s  as des i r ed  and t h e  i n s t r u n e n t a t i o n  

works c o r r e c t l y ,  a s  v e r i f i e d  by t h e  r e s u l t s .  

The next  s t e p  r ~ o u l d  be  t o  o b t a i n  t h e  d e r i v a t i v e  of t h e  I -V curve  

f o r  t h e  Langmuir Probe us ing  t h i s  i n s t rumen ta t ion  and t o  check t h e  

d e r i v a t i v e  curve ob ta ined  by one methid a g a i n s t  t h e  curve  obta ined  by 
- 

t h e  o t h e r  method. Then t h e  e l ec t ron -ve loc i ty  d i s t r i b u t i o n - f u n c t i o n  

could b e  p l o t t e d  f o r  each c a s e  and checked t o  s e e  i f  they agree .  If 

they do n o t  agree ,  i t  would then  be  advantageous t o  t r y  t o  determine 

why they  do n o t  agree .  I f  they do agree ,  i t  would b e  i n t e r e s t i n g  t o  

s tudy  t h e  e l ec t ron -ve loc i ty  d i s t r i b u t i o n - f u n c t i o n  i n  gases  o t h e r  t han  

neon and helium. 
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. Tnis papcr dcscribcs the d c s i p  and construction of a ful ly bakc- 

able high vacuum d. c .  glow discharge tube. The purposc of th i s  glow 

i i sd~argc  t ~ b e  is ricasurcmcilt of dirccted eldctron velocity d i s t r i b u t i ~ n s  
I 

in thc positive coluinn of a glow discharge, y i n g  a Langmuir probc. The 

tulle i t se l f  has a 4S nm inside diameter and maximum cathode t o  anode 

sixicing of 80 an. The Lanpuir probe is located 1 5  an fron the mode. 
I 

l i ~ c  probe can be rotated througll 360 degrees :and moved radial ly from the 
I 

tube center l ine t o  one wall. The cathode can be moved 15 cm in the 
t 

direction of stationary anode. 
. I 

The major objective i n  the design of th i s  glow discharge tube was 

t o  at tain a pressyre of lo-' to r r  (mm of Mercury) or  lower inside the 

discharge tube. This required that  the tube be bakeable, so it was 3. 

necessary t o  elindnate a l l  "0" ring seals. This design should allow 

corc reliable, repeatable, and more predictable measurements t o  be made 

with the Lmpu i r  probe. 

kngr,uir probes have long been used for  measureKent of electron 

velocity distributions in glow discharge tubes. Figure 1. -1 shows 

such a discharge tube, with a planar Langnuir probe inserted in to  the 

probc port. insure accuracy and repeatability of measurements, it 
. i : 
i is cssential that  contamination from undesirable gases or  vapors be 
, 

miriiinizcd. 
I 

t 

To scc how the distributions vary with position and direction, i t  

is often dcsirablc t o  nove the Langnuir probe radially i n  the discharge b 

I 

-lc, to rotate i t o n  i ts own axis, and also t o  move %lie probe rela"Lv~3 
I 





I '  

to  cathode. Normally th i s  l a s t  motion is acconplishcd by cathode 
! 

r;overent rather than by actual probe movement, since the probe's motion 

i o n g  its own axis and its rotation make modment of the probe along the 
! 

' =is of d;c disclarge di f f icul t .  Besides accomplishing the desired 
I 

change af cathode-to-probe spacing, t cathode movement also izvolves a 

Jlmge of cathode-to-anode spacing, since th; probe and anode have a 
I fixed separation. One ~ g h t  expect t h i s  change I i n  cathode-to-anode 
1 3 

spacing to  a l t e r  the discharge radically. Figure I 1. -2 shows that  t h i s  
i is not the case. Only the length of the posltive colunin of the dis- 
I 

margo changes with cathode niovement, provided that  anode current is 
i 

held constant. In effect, the probe is' moved through the positive 
I , . 

~ ~ i t c l m ,  in  the direction of the cathode. 





Soqtion (Refs. 10, 16) is a general term which encorqasses any 

process *where, on or  within some surface, an excess of a gas or va?or 

collects as a resul t  of intermolecular and interatomic forces. Soqt ion  

includes physical (van der ItTaals) adsorption, chemisorption , and ab- 

sorption. Sorption can occur on or  within a so l id  or liquid, but only 

sorption with respect t o  solids is considered here. The surface on 

which sorption occurs is called the sorbent, and the gas or vapor sorbed 

or collected is called the sorbate, A l l  sorbates must be removed o r  

"outgassed" from the  surfaces of a vacuum system before an uncontaminated 
I 

system is obtained, 
, 

' Adsorption, as opposed t o  absorption, is the process in which there 

/is an accumulation of an excess of a gas or vapor exterior t o  the sur- 
i' 
' face of a solid. Surface roughness increases adsorption, by making t5e 

effective area of the adsorbent nlitny times the visible area, 

Physical adsorption involves no chemical reactions, and the heat 

lost by the adsorbate i s  of the order of magnitude of the heat of 

liquefaction. Physically adsorbed molecules act  i n  many respects l ike  ' 

a txo dinlensional liquid, shif t ing on the surface of the solid t o  nab-  
I 

tain equilibrium. Figure 2.1-1 shows a general energy diagram for  

physical adsorption a t  the surface of a solid adsorbent. A free noiecule 

L? the l;icinity of tho surface w i l l  tend to  fa91 in to  the low energy well  
4 

mar the surface, giving off a small amomt of eneru in a e  fom of 
/ 

heat, md ~ l l  remh ~ e s e  ranless disturbed, + /  
/ 





\$'hilt theory indicates 0x11~ a few layeks of adsorbate should occur 

b;? physical adsoqtion, cxperiincntal evidence indicates t h a t  bct.r:rccn 10 

r;rd 1000 i;',oleeulnr layers can bc: formed, Results vary widely for  d i f fer-  , 

cnt surfaces and f rcm one experinlent to  another (Refs, 10, 14) . As the 

pressure of a vacuum system which has been a t  atmospheric pressure for 

'3 time is reduced, an excess of pl~ysically adsorbed molecules w i l l  

rcinain a t  the sys tem walls, tending t o  boi l  off slowly. 

If it is possible for a molecule of a gas o r  vapor t o  react chem- 

ically w i t h  the molecules of an adsorbent, chemisorption may occur. 

Tnis process involves a quasi-chemical reaction of a nonolayer of ad- 

sorbate with a monolayer of adsorbent. The hear of the reaction is of 

the same order of magnitude as the heat of reaction of the chemical 
I 

reaction between the two substances i n  bulk. Qlemisorption is not 

qiiite so sinple as a chemical reaction since there are repulsive forces 
1 I 

involved between adsorbate ions. This results  in a' heterogeneous . 

deposition of adsorbate. The energy of a single chemisodioa reaction 
/' 

varies w i t h  the number of molecules previously chemisoibed. Chei;ii- 
I 

sorption is more prevalent i n  metals than in glass. Figure 2.1-2 
i shows the energy diagram for  chemisorption involving an exothermic 

i i 
reaction, Frequently chemisorption requires an activation energy, as 

I 

shown in the figure. 

A pumpdown alone w i l l  not usually remove many chemisorbed molecules ,' 
' .  

since chemisorption involves higher energies than physical adsorp"con. 
, \ 

Ecnt a~;jlic;tion is usually necessary, but the t eqe ra tu re  required is , 
often too high t o  bo practical sinco ib: is usually much higher rl:c 

a f e i n g  t eqera turc  of standard g l x s  such as f irex,  whiclia may be i n  "Sle 





, , . , ' J ~ ~ ~ Y ~  sys;em. I-Iowcver, the temperature of a cathode may be high enough 

:J rc;;,ovC csscntiaily a l l  05 i ts  chelnisorbed mo%cculcs. , 

A5soqtion involves the penetration of the bulk s f  the absorbent 
i 

p o l i d  by absorbate molecules, by a combined process of molecular at trac-  

t ion and diffusion. During a system pumpdown, absorbed molecules w i l l  

diffuse back to  the surface of the absorbent material, replacing surface 

s0:b;tc ~olecules  as they are gradually desorbed. Pumpdown times are 

increased as a resul t  of the diffusion time involved, 

Thc energy diagram for absorption is similar t o  that  for  physical 

&option, except the energy well is  physically 'located inside the 
' 

Asorbent solid. For appreciable absorption to  take place it is nec- 

esssry tirat the absorbent material be porous. ~ e s s  d i f f icul ty  from ab- 
I .  
I 

sorption than from physical adsorption w i l l  a r i se  from a relat ively 
I 
i 

cocporous material, such as most types of glass. Metals are usually 

core prone than glass t o  absorption. 
i 

This discussion has been somewhat simplified, since i n  rea l i ty  

physical adsorption, chemisorption, and occur simultan- 

cous ly * . . 

2 . 2  Permeation 

Permeation occurs when gases and vapors i n  the atmosphere diffuse 
I 

through a wall in a vacuum system. I t  is a major contaminc.tion problem 

wit;:; I "0" ring seals. The effect  is very similar to that of the out- 

g ~ s s l n g  of sorbates , except that  th i s  process continues indefinitely 
I 

L ~ C  places a 1 s t  on the u l t i m t e  v a c m  aztainable i n  an o ~ e m i s e  
i 



i 10 
1 
:t 
i 

i::3;1 ~YS:CP. perncation occurs evcn d ~ e n  the interior  of a vacuum 

s ) . s : c ~  is a t  at~ospheric pressure, as long as I the par t i a l  pressures of 
i 

I .ai,c interior gases and vapors d i f fer  from the par t i a l  pressures of the 
I 

g;scs snd va?ors in  the atmosphere. ' Vacuum grease on an "Ott ring rill 1 to* reduce penreation, I and leaks around the "0" ring, but it w i l l  
I 
1 

i also add problems of its O I ~ I  in the cleaning of vacum apparatus. 
I 

1 
t 

Pernation "Lhroug1'1. glass and metal does occur, although t h i s  

cficct i s  usually1 small, In a baked vacuum system, however, th i s  type 
f 
f 
I 

of pcmcation may be essentially the only source of contamination, so  
f 
1 it m t  bc recognized. i 
i 
I 2.3 Virtual Leaks 

I 
f 
i 
t A virtual leak can also contaminate a vacuum system, A v i r tua l  
i 
f lcdc is a source of nearly constant gas o r  vapor contamination as a 
i 
1 rcsult of a trapped volume i n  the system gradually leaking off through 
i 

i 
I s c &  small, flow-restrictive orif ice,  An example of a v i r tua l  l e a  i 

1 right be a trapped volume beneath a screw i n  a threaded hole. This i j 

I i 
s particular problem can be eliminated by cutting a lengthwise s l o t  i n  

Ill i 'C;nc screw, sl ightly below the thread depth, t o  allow the trapped volme 

1 1 1 1  i t o  bc p w e d  quickly. Problems from v i r tua l  leaks may ar ise  then a 

vacuum system involves heliarc welds, s i l ve r  solder joints,  and other 

W e s  of seals and internal connections. 

@ 

Bakhg is one of the best m e f i b  for  e l w n a ~ i n g  or  drast ical ly 

rcducing contamination problem such as  described in the previous 
. * I  

I 

I 



I 

sc i ; ion~ ,  and is ofrcn Idle only ~ncthod for  reaching ultra-high vacuum 

in a reasonable length of time. For Pyrex (7740) glass, a typical 
/ 

b&eout temperature is between 300 and 400 degrees C. f 

/' -* 

TO bake an entire system, it must be f i r s t  pumped t o  /a high v a c u a  

to rcdude oxidations a t  higher temperatures, and to  dec ease the read- 
/ 
i 

1 

sorption rate a t  the system walls. Sometimes an iner t  gas or dry ni t ro-  , 
/ I 

gcn i s  valved into a system prior t o  a bdceout, t o  hdlp flush out active 
i 

/ 
contaminants. A heat-insulated enclosure, contain& heating elements, I 

is placed over the entire system exterior. ?he current i n  the heating . i 
elements is slowly increased, care being taken that  the system pressure 

! -  

docs not increase over the operating l i m i t s  of the vacuum p q .  r ing systea. 

Vhcn the f inal  bakeout temperature has been reached, the s t a t e  of the sy- 

stem is maintained for the entire baking period, 1 2  t o  24 hours, or  

longcr for a "new" sys tcm. 
I 

A localized bakeout can be accomplished with heating tzpe or heat 

l a , ~ s .  This method is less effective than a t o t a l  system bakeout, since 
\ any gases desorbed in  the baked area may recollect on 'the walG of sone 

I 
"\ 

other part of the system, especially i f  the heating cawes a dras t ic  

pressure increase, 'I \ #  , a @  ?-my- 

The heat applied during a bakeout under vacuum conditions increases ' 

I 

the energy of the molecules of the walls of the system, and thus the 

criorgy of any sorbed molecules i s  increased. When the energy of one of 

Cksc  sorbed molecules is greater than the energy of its potential well, + 
i t  w i l l  ;lave a good chance of being desorbed. The probabiiiiy tha: l e -  

6 

soqtion w i l l  take place increases rapidly with temperature, a t  a con- 

stant pressure. The vacum plnnp removes most of the gases and vapors 



3s they arc  dcsorbcd. I3hysically adsorbed gists and vapors arc gencr- 

a l ly  the nlost reacfily removed, and usually form the majority of molcculcs 

&sorbed during a bakcout. The outgassing r a t e  should of course taper  

off with time' during a bakeout, as most of the sorbed molecules a re  

removed; After a bakeout has been completed, the system is allowed t o  

return t o  room temperature and the reduced energies of the  remaining 

sorbed molecules should not  be suf f ic ien t  t o  allow much fur ther  desorp- 

tion. A t  the reduced temperature, the  equilibrium concentration of 

sorbates on the system walls may well  be mu& higher than the  actual  
8 

1 

concentration, resu l t ing  i n  a ge t te r ing  act ion which should subs tant ia l ly  



31e new discharge tube first had t o  be compatible with the exist- 

ir.g v a a m  system which was to  be used for  pumpdown. This vacuun system 

is ca~able  of ultrahigh vacuum, pressure less than los9 torr .  The tube 

was to be connected direct ly t o  the vacuum system, separated fron the 

p ~ q i n g  system and trap by a bello~~rs-sealed valve. The b r i n i t e *  used 

for the table top i n  figure 3.1-1 is bakeable, allowing a removable 
I 

bakeout oven t o  be placed over the ent i re  tube and some portions of the 

vacuum system, using the Marinite i t s e l f  as  the bottom portion of the 

ovcn. 

Thc new discharge tube was to  be able t o  support ultrahigh vacuum, 

which meant "0" ring seals  had t o  be eliminated, since a l l  parts had t o  

bc bakeable. Most 1'0" ring seals  decompose a t  bakeout tempcralres. 

Yctal bellows were chosen as the means of providing motion transfer. 

I t  st i l l  remined t o  decide on the best way t o  use the motSon transfer 

cqabi l i t ies  of a metal bellows. I 
i 

There are two types of metal bellows, the corrugated type, which 

i s  onc piece, and the washer type. The corrugated -type is made by 

corrdgating a piece of f l a t ,  thin stainless s t e e l  or other metal, bend- 

ir,g thc corrugations, and then welding a seam, making the bellows c i r -  
/' 

c d a r  in cross section, The washer type is made by welding the insides 
/ 

6' i*.o ~ d ; t ~ r s  together, then welding the outside of one end of this 
b 

i ; * Trado rkrk of Johns ManviPts Sales Gorge 





to tile outside of another washer, and so'on. 'Ihe two types are 

1 
\ ' \ 

gj~g,,n on page 185 of reference 10. Manufacturer" specifications for 

a i rnun  flexure and torque limits vary considerably for  both m e s .  
I 

I n c r c  are varying oginions on which types of metal bellows are best 1 
I 

I suitcd for vacuum applications. The welded type is often more flexible 
i .-.: 
i but there is conceivably more chance for  leakage with the many welded . , 
i 
f joints involved. 

A simplified model of a comonly used bellows-sealed l inear motion 

fccdthrough is shown in figure 3.1-2. This particular modellhas a 

direct contact between the vacuum side of the system and the atmosphere 

side. Some means must be provided t o  keep the shaft  from sl iding in to  

t ! c  vacuum excessively, and it is thus usually desirable t o  keep the 

shaft securely held a t  some point. The bellows arrangement can be 

located on either side of the vacuum wall, with the vacuum outside of 

the bellows or inside. 

Figure 3.1-3 is a cross section of a bellows-sealed rotary motion 

feedthrough. This type of mechanism is known as "wobble drive." Note 

that there is rotational s l iding motion against the extreme r ight  end of 

the bellows, both i n  the vacuum and i n  the atmosphere. This is a po- 

Zcntial trouble area for  th i s  type of feedthrough, especially when high 

rotary speeds are involved, and when ultrahigh vacuum is desired, since 

Idxication on the vacuum side can not be allowed for  ultrahigh v a c m  
, 

I 

xork. The portion of th i s  mechanism exposed to atmosphere is sonietimes 
I 

rc~ovabl  e from comercially available rotary motion f eedehroughs , t o  
I 

allow lubrication of the  atmosphere s ide  of the mechanism, using lub- 

ricants that would bo i l  off or bum up a t  bakeout temperatures. 1Tnen 







only low shaf t  speeds a re  desired, no lubricat ion is usually required. 

shaft alignment i n  t h i s  m e  of feedthrough is  c r i t i c a l .  The design 
\ 

md construction of such a device would be much more tedious than the 

design and construction of a bellows-sealed l inear  motion feedthrough. 

Another type of ultrahigh vacuum ro tary  feedthrough involves 'the 

rotation of a magnet i n  the atmosphere t o  r o t a t e  a magnet i n  the vacuum, - . .. 
In cases where bakeout is  used, the ex ter ior  magnet i s  usually removed, 

and the in te r ior  magnet is  made of Alnico, s ince t h i s  mater ial  r e t a ins  

most of i t s  magnetic properties a t  high temperatures. Because any s t r a y  

m p c t i c  f i e lds  could eas i ly  upset a glow discharge, t h i s  type of feed- 

through could not be used i n  the  new discharge tube, 

With these general ideas i n  mind, the design and construction of 

the 1,angmuir probe region and the cathode and anode regions of the d i s -  

charge tube w i l l  be described, 

3.2  Langmuir Probe Region Design and Construction 
I 

The problems encountered i n  the Langmuir probe region of the glow 

discharge tube centered around the f a c t  tha{ rotat ion,  l inear  motion, ' 

I 

and e lec t r ica l  output were simultaneously rdquired. The probe i t s e l f  

was to  have only two e l e c t r i c a l  connections,' but provision was made fo r  ' 

four outputs i n  case a more i n t r i c a t e  Langmuir probe might be required 
8 

for measurement at a l a t e r  date. ! 
The only belloris-sealed motion feedthrough known t o  be on the market 

I 
xhich provides rotary and l inear  motion i n  one package is made by Varian 

I # 

Associates a t  a pr ice  exceeding the budget of the project.  Furthermore, 

no h ~ o  motion feedthroughs, one rotary and one l inear ,  a re  knorm t o  be 



I 

iz.1 ellc ~narkct whidl together would be compatible i n  the t ransfer  of 

l inear and rotasy motion t o  a s ingle shaft .  Because of extra problems 

2,,?.i.olved in  the  construction of a rotriry motion device, the decision 

X ~ S  made t ~ . ~ u r c h n s c  a rotary device and t o  design a l inear  motion 

device which would be compatible with the rotary device. 

The rotary motion feedthrougl~ purchased was b u i l t  by Cooke 

Vacuum Products of Norwalk, Comecticutt. I t  was chosen over others 

available mainly because of reasonable pr ice and excellent specifica- 

tions. Manufacturert s specif icat ions are  $ f ~ l l o w s .  
I 

Maximum Torque 10 Inch Pounds 
M a i m u r n  Rotary Speed 500 r p m  
Operating Pressure t o  1 x 10-lo Torr 
Bakeout Temperature t o  400 Degrees C. 
Weight 2 Pounds 

Figure 3.2-1 shows the rotary motion feedthrough in re la t ion  t o  the 
I .  

To t ransfer  l inear  motion t o  the  ~ a n & r  probe, a l inea r  notion 

feedthrough was designed. A metal bellows was t o  be placed around @~;t 
a .  

not touching) the  shaf t  extending from the rotary motion feedthrough t o  

the probe. To hdld the bellows i n  -place, an outer turnbuckle was devised. 

This arrangement lallowed the adjustment and control of the probe p o s i ~ i o n  

and also provided protection f o r  the inner bellows. A type 316 s t a in -  

less s t ee l  pipe Jas used which was thickwalled enough t o  be used f o r  

both the male and female portions of the  turnbuckle. Following the 
1 8 

r ad~ in ing  cf the tilmbuckle portion of the feedthrough, it was welded 

Zo the outer portions of two ro ta tab le  2-3/4 inch Conf la f9vamm f lmges .  

"rade Mark of Varim b s o c i a t e s  





t h e  two male ends from rotating with' respect t o  each other, a 
1 

of I/$ inch f l a t  stock was grooved, shaped, and welded to  one of 

,j;e rale ends, aatld a "follower" was welded t o  the other malc end, as 

sl;mn i n  figure 3.2-7. The bellows w a s  s i lve r  soldered t o  the  inner or 
i i 

s ~ l i n g * p a r t s  of the flanges. A drawing of the completed linear niotion 
i 

,'sotion dcvice is shown in  f i e r e  3.2-2, and figure 3.2-3 is a photograph 
1 

of thc device, showing the inner bellows. 

Electrical output was provided by four tungsten-to-glass seals made 

L? an "X" arrangement as shown t o  the r ight  of the l inear motion feed- 

through in figure 3.2-4. Each tungsten-to-glass seal '  was made a t  the 

a,d of 20 mm Pyrex tubing, and the tubing i t s e l f  was then attached t o  

1-1/2 inch diameter Pyrex. These smaller tube extensions reduced the 
, 

G'~;LT~CC of cracking one seal  from heat s t ress  while another was being 

joined by the glassblower. I 

Directly adjacent to  the point where the Langmuir probe enters 
/ 

tJlc discharge is a probe supporting and centering piece which is shown 
/' 

in figure 3.2-5. The piece was made from capillary tubhg  of proper 
I 

h i d e  diameter t o  give the probe ' a  good f i t .  The e n d  of the capillary 
; i .  

rubins were drawn out to a diameter of j p t  under 1-1/2  inches, and 
/ i 

I 
joined t o  the 1-1/2 inch diameter tubing which already held the elec- 

I 
trades . The extra holes i n  the ends of the' supporting piece allow for  

I 

i 

p~zping. The glasswork w a s  then joined t o  a glass-to-metal seal ,  . , 

I i -  w~caled, and sealed to  the discharge tube. 1 \ 

19.1.. Lmgmuir probe i t s e l f  is  shown in  figure 3 . 2 - 6 .  I t  was con- 
t9 

strusted of type 304 3/32 inch diameter stainless s t ee l  hollow tubing, 

0.010 inch diameter type 304 stainless s t ee l  wire, ceramics, and 

Sabcriesen ceramic cement, Electrical insulation of %he two stainless 













steel leads from the probe surface ad guard ring proved a problem. /- 

\ 
hbst insulatio~l materials w i l l  not withstand bakeout temperatures or 

I 

-, 

high vacuum. Several feet  of '%tLt' insulation were provided by 
\ 

~ o l y ~ c i e n t i f i c  of Blacksburg. This insulat i  b n is often wed a t  high 
\ , , < I  t . . , b d . 4.- r;., ... , 

temperatures i n  a i r .  As there was no information available on the 

vacuum capability of the insulation, it was tested by the author. I t  

was given a l ight  bake of just over 100 degrees C., and the pressure 

in the t e s t  vacuum chamber remained a t  8 x torr .  Th?s\ was approx- ' 

\\ 
imately the t e s t  system's ultimate capability, but s t i l l  f a l l s  short 

of the ultrahigh vacuum t o  be reached i n  the discharge tube. Thus, 

although no fa i lu res  of the insulator were noted in  these t e s t s ,  the re- 

sults  were somewhat inconclusive as t o  ' the f u l l  capability of th i s  

material. Nevertheless it was decided t o  use the ML insulation on the 

Langmuir probe leads between the probe and the tungsten e lec t r i ca l  
\ 

feedthroughs , 

The f ina l  step in the Langmuir probe. region assembly was the 

connection of the two probe leads t o  the tungsten feedthroughs. nio 

1/4 inch stainless s t ee l  sleeves were used, each of which had 'a sep- 

arate hole for a single probe lead and a tungsten rod. The hole for  

each probe lead was dr i l i ed  close t o  the outer . . surface of a sleeve, so 

the lead could be inserted into the hole, and the sleeve tapped with 

a punch for  a press f i t ,  The sleeves were manipulated and tightened 
I 

t o  the tungsten, not without some dif f icul ty ,  w i t h  a s traight  Allen 

wrench in  s pin vise. See figure 3.4- 2 for  'a view of the mounted 
4 

I 

I 
sleeves, ! 

?he complete Langnuir probe assembly ii shown in  fi y r c  3.2-7. 





, me prmv cathode region design problem was the method t o  be 

~ e d  for imparting 15 an of l inear  motion t o  the cathode. The method 

&osen involved . the t ransfer  of rotary motion t o  the in te r io r  of the 

dis&ararge tube, where rotary motion would be t ranslated t o  l inear  motion. 
/i 

Rotation can be translated t o  l inear  motion by rotat ing a threaded 
i 

&ft h i d e  a non-rotating, in terna l ly  threaded sleevef'of some so r t .  
I 

h'ith this  idea in mind, the problem of support of the cathode remained \ 

I i 
u, be solved. t 

1 i I 
The cathode i t s e l f  required a temperature of about 2100 degrees 1 

i 
k1vi.n for adequate electron emission, since the cathode material was I 

I 

I 
to bc pure tungsten. This would require a heating current of roughly . i 

I - 
LS mperes in the s i ze  of twigsten wire t o  be used. Some heat shielding 

, \ 
of the cathode would obviously be necessary, since the s t r a i n  point of . 

Wrcx (W7740) is only 485 degrees C., and the s t r e s s  i n  the outer glass 

t d i n g  from the localized heating from the cathode could r e s u l t  i n  

cracking, even i f  an a i r  blower is wed f o r  cooling. A glass press sham 

in figure 3.3-1 was removed from a type 8693 mercury vapor r e c t i f i e r  tube, 

and it was found tha t  the l / 8  inch diameter tungsten rods i n j t  could , 
'" 

bciindle the required current load without causing the glass press t o  be \ 

\ 
heated over 75 degrees C, i n  air, The press could perform the dut ies  

\ 
of hcat shield support and cathode support, brovided V;at a method could. . .. 

\ I *  0 8 ,  L , 

be devised for  supporting the press i t s e l f .  i 
b Finally the cathode support asembly shown in figure 3.3-2  was 

&vised, A21 p a r a  are s t a h l e s s  s teel ,  The de ta i l s  of the constn;c"Lon 







of the 6 inch  threaded spacer are shown in figure 3.3-3,  The spacer .,, designed to  be lig11t i n  weigl~t, and s t i l l  strong enough to  support 
/ 

d c  wthode assembly. The spacer's 6 inch length servcs t o  mamaintain 
' 

aligurent between the threaded shaft  and the cathode assehbly. 
/ 

I t  has 

holes drilled in the sides near each end t o  provide foz! pumping of the 
i i 
i h o 1 . 1 ~  interior. The f l a t  piece on top of the spacer in  figure 3 .3 -2  \ 
i / 
E 

I pnvcnts rotation of t he  spacer as the inner shaft  r'otates, by sl iding i 
I 

i 

I dong  fixed glass tubing as shown l a t e r  in this section. i i i The shaft was threaded for  12 inches of its length t o  support the , i \ ./ 
i threaded spacer and t o  allow for  the 15 an movement of the spacer and 

1 j - .  
j cathode, Figure 3.3-4 is an exploded view of the cathode support - i, \ 
r 

1 asciibly. The two 3/32 inch diameter rods connecting the spacer with 
I 

i 
1 the clarrging device allow the cathode t o  be retracted without the end 
i 
i of the threaded shaft running in to  the glass press, 1 
I The cathode and heat shield were constructed and mounted on the 

i 863B glass press a t  International Telephone md Telegraph Cowany's 
i 
i 

Electron Tube Division in Roanoke, Virginia. The heat shielawas ', i 
s /" 
3 . \  
? sqported by the unused center post of the glass press, and the cathode 

'i I 
i %as connected a t  each end to  the other two 1/8 inch diameter tungsten 

\ / d ' ? d  :.--,.. rods in the press, The cathode is shown i n  a head on view in  figure 
1 

t 

i 3.3-5. 7he ceramic discs around the cathode 'leads prevent radiant heat 
! 

I frm cscclping through the rear of the heat shield. 

The lead-in-wires for cathode current would require e lect r ica l  
\ 

h s u l a r i ~ n ,  t p  prcvent a short c i r c u i t  t o  each other or  t o  t h e  cathode 
I 

sbyporting mecll-rmism, GIGS  t h i n g  was deemed the bss"l;awer Lo this 

prdlsrn, and a piece was designed whi& allowed for  insulation of . ~ e  

-2 . 









i 3 6 
/ 

;cjd-in wires for a l l  positions of the cathode. A stationary piece of 

t&ing 1 2  m in  diameter houses a movable piece of 8 m diameter 
& ' 
t h i n g  w h i c h ,  in turn, houses the lead i n  wire and follows the wire as 

r i ; ~  is moved. This i s  i l lus t ra ted in  the cutaway drawing of 

f i y r c  J.3-6. F i y r e  3.3-7 is a photograph of the completed glasswork 

in this area, with a cathode lead in one of the stationary 1 2  mm d imeter  

t Jes. F i y r e  3.3-8 shows the par t ia l ly  assembled cathode region. The 

f l a t  stainless s tee l  piece is shown in the figure as it rides on the 

12 rm glass tubing, preventing rotation of the cathode assembly. The 

mvablc 8 mn tubing is not shown in  e i ther  photograph. 
,) 

i-' 
,' 

Ihc cathode leads themselves are finely stranded, s i lve r  coated 

cupper wire, clamped t o  existing wires i n  the rear  of the glass press. \ 
A mans of retracting the wire when the 'cathode is rnobed away from the 

mode i s  provided by the glass reservoirs shown in figure 3.3-6. ?he 
I 

I 
I 

q p e r  leads, when given a twist, tend t o  b a l l  up i n  the reservoir, placing 
. 

a small tension on the wire i n  the tubing t o  prevent it from binding. I 

, - 
Ihe final sealing of the cathode leads t o  two 1/8 inch diameter tungsten 

\ \I 
fcedthroughs was made with stainless s t e e l  sleeves 1-318 inches long, I 
and 5/16 inch i n  diameter. The sleeves were long so that  the glass- 

) 

blmer t  s torch would not cause excess oxidation on the copper cathode 
i 

'I"rii: airde itsself was removed from a vacuum tube, t o e  3B25. Tile 

mode was first momted on a g lass  t r ipod,  &rid the tripod was mounted 









:b m sham i n  f i p r e  3.4-le This positioning allowed tube syrranetv 
/ 

wintained and p e n i t t e d  a p q o u t  port t o  be located direct ly 

behind the anode i n  the disdiargc tube. A wire w a s  fastened to  the 

,& w i t h  a copper sleeve. The other end of the wire was originally 

f s tened  t o  a tungsten e lect r ica l  feedthrough by spotwelding, but th is  

proved t o  be an unreliable connection. This connection was replaced by 

3 stainless s tee l  sleeve which f i t s  over the tungsten rod and the wire. 

71,c stainless s t ee l  sleeve was manipulated and tightened with an Allen 

urcnch, similar t o  the manner i n  which the ~bgmuir probe leads were 

attached. 

The tungsten-to-glass seal  for e lec t r i ca l  feedthrough to  the anode 

t;as originally made practically flush with the 26 mm diameter pumpout 

port tubing, as shown in figure 3.2-4 .  Durikg the cleaning process the 

tmgsten electricaL feedthrough a t  the anode, was inadvertently over- 
I 

cleaned, resulting in a possible leak a t  the  seal .  Subsequent reheatings 

by glassblo~iers , i n  an attempt t o  remake the seal ,  only resulted in the 

qpearance of cracks in  the glass. Finally a new tungsten seal  was 

mdc with a length of 1/8 inch diameter tungsten rod. The seal  was 
I 

f i r s t  made in 15 m diameter Pyrex tubing, and the tubing i t s e l f  was 

joined to  the g l q s  a t  the punpout port. Since th i s  type of tungsten 

to glass seal is a stronger one, there were further problems 

countered a t  the 'seal. 

Figure 3,4-2 shows the con~le ted  anode construction. 
I . 

3.5 Final hsembl 

en- 

The f i r s t  regiom t o  be joined t o g e ~ e s  i n  the disdarge tube were 







cd, &?dc Langnuir probc aseinbly' lhcsb two areas rocre finished 
, i 

I 

i,;le G,e -thode was i n  the f i n a l  design stages. I'ihcn tho cathode 1 
I 

i5s,zbly had been completed, it was sealed t o  the other sect ion of the I 

- 6  

d;5&ari;e tube, a f t e r  which the en t i r e  tube was sealed t o  the vacuum : , ! - 
I fir = near the anode. , \ 

Mrer a short  pirmpdom, it w a s  apparent tha t  a leak exis ted,  since 

L;,, pressure would not go below 7 x l o e 5  tor r .  Two leaks were discover- 

& and =paired, one due t o  an improperly tightened Conflat flange s e a l ,  

x4d the other a t  one of the probe's glass-to-tungsten seals .  The l a t t e r  

u s  repaired by a glassblower. The pumpdown was r e in i t i a t ed ,  and 
I ', , I  

J pressure of 3.5 x l o m 6  t o r r  w a s  reached without baking. During t h i s  f 

-\ 

i 

; n q & m ,  it was noted tha t  the cathode assembly threaded sha f t  had galled, 
\ 

n i  f i r s t  refusing t o  ro ta te  more than a h a l f ' t u r n ,  \ then freezing coin- 
\ !+ , %  * t , ,  , a 0 . !--*. +.p* 

pletely. In attempting t o  f ree  the threads by turning the  shaf t ,  nio 
i 

scrms holding the  f l a t  piece in  place on the 6 inch spacer were 

loosened, (Refer ' t o  f igure 3.3-2 . )  This problem was temporarily neg- 

iccted, and localized baking was begun, \\ 
\ 

The localized baking involved the wrapping of heat tcpe around one 

portion of the tube, folio~ued by the complete covering of the  area with 

aluninum f o i l ,  i n  an attempt t o  maintain uniform heating. Tne localized ' 

baking was well underway when a crack formed a t  the discharge tube I' 

\ .. 
connection t o  the vacuum system, near the anode. 

The crack was apparently due t o  the torsion and other s t resses  

qpl ied t o  the jo in t ,  and because the jo in t  had not been annealed. 
The , 

crack opened the entire syflem t o  atmosphcris pressure. A gl;ss b c i l o \ ~ s  1 

nas blam rat the WP Glasblboid~ag Shop, md placed a% the mod& puxpout i 



/ 

, me ~ w l p t h u n  was s t a r t e d  again and the localized baking via< 

reini t ia ted Current was applied t o  the cathode f o r  a shor t  time, w i a  

, g,,t degree of outgassing the r e su l t .  ' 

Tie pressure limit had been reduced t o  4.5 x t o r r  when a small 

a t e m i t t e n t  leak was discovered i n  the purchased rotary motion feed- 
/ 

located near the Langmuir probe. The leak temporarily / sealed 

itself, and baking continued. i 
1 

h e  loose screws in the cathode region were tightehed a f t e r  the 

systcn had been opened again t o  the atmosphere. ~ e f o r k  t h i s  was done, 
\ 

/ 
i 

,CJ;;*? neon was bled in to  the system, i n  e f f o r t  t o  reduce contamination / 
I 

i khcn the a i r  was let in .  To ge t  t o  the loose screws without completely ! 

Cis ra t l ing  the discharge t d e ,  a hole was  made i n  the glass  d i r e c t l y  
.-. I 

above the screws. To keep t h e  screws from loosening again, 0.005 inch 1 .  

diameter s ta in less  s t e e l  wire was placed around the screw heads t o  a c t  \ 

rc; washers, a no stainless s t e e l  washers were a v a i l d l e .  n ~ e  sys tez  

was rcscaled and again the p q h n g  began, The pressure dropped t o  i ts  

former limit i n  a shor t  "erne, perhaps z z r i b u t a b l e  t o  the neon coating 

of the in t e r io r  wal ls ,  

Cathode heating was begun. So as not t o  increase the pressure i n  
I \ 

the discharge tube too dras t ica l ly ,  the current r i a s  incremented i n  s teps  I 

-, 

of 1 ampere from 15 t o  41 amperes, the system pressure remaining below 

5 x t o r r  a t  a l l  rimes. F i y r e  3.5-1 shbws the cathode with appror- 
a . h * ,  .. 

ha te ly  30 amperes of current. Localized baking with heai  tape ' con- 

tinwd w l r i l e  the cathode was being heated, After a l l  heat had been tl 

- 7 removed, the pressure w a s  reduced t o  1-1) x 10 torr. A bal~eout oven 

wris then placed over the entire eystcrn and heating was b e ~ q ,  The f i n a l  





tc,qcrature used i n  this bake was 200 degrees C. Foilowing the 

check was made, a d  two leaks weke I located which had not 

:,:a ascovered pmviously. One was i n  the cathode I region rotary motion 

iCr,j~,l,$, and the other i n  the glasswork which connected bo t t l e s  of 

. ecn ~z-i t o  the discharge tube. Spraying methanol on 'the leaking .. I 

; ( ; j ~  at  least  temporarily sealed the leaks i n  the  rotary motion de- 
I 

,<,, , md t ho  pressure was r ~ d u c e d  almost immediately t o  5 n 
! 

t o r r .  
I 

;:, i n t h e  glass under the vacuum syst+dm tab le  continued. By 
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4. CONCLUSIONS AND KECCX~,3fDlDATIONS 
' .  I 

' I 
~ p r e n t l y  some sources of contamination remain in  the new diicharke 

I . Ho~rever, it does seem to  work properly with the exception of the' 

='~l& movement apparatus. 

ne' threads of t he  cathode motion assembly seem t o  ga l l  a t  some 

value of pressure as the discharge tube is pumped out. This is apparently 

t o  the removal of adsorbed gases from the threads. It appears that -  
F \ 

r;=csc gases, when present, ac t  as a lubricant. The cathode can be moved, 
\ 

i 
this involves a lengthy job of opening the system to  atmosphere, o r  

\ 
L-/ nitrogen, then moving the cathode and pumping the system down, baking 

\ , , ( 

.r ,,a d 

:g, etc., until the in ter ior  of the discharge tube is clean again.. ' 
I 

Redesign of the cathode movement apparatus is i n  order, with the 

w h m a n t  of the threaded mechanism the primary concern. Another 
< \ 

wmvcinent i n  th is  region would be the instal lat ion of sprh8s for  
\-- 

~*,ode lead retraction, i f  the same or  similar glasswork design' is used. 

3 , ~  glasswork design would be improved by straightening the r ight  angle ': 

\ 
h t j c  12 m glass tubing used for  e lect r ical  insulation, t o  help 

;;r~cnt the cathode supply leads fro: binding in the tubing. 

The best answer t o  the cathode motion problem may be a l inear 

wlr;:ica feedthrough arrangement w i t h  a long metal bellows. Tnis would 

LG.C the tube longer than its present length, but should help t o  make 

uk& motion more reliable. 

k i n g  the localized baking of the glow discharge tube, the probe 

iL hulation changed color, indicating that  it may be oxidizing, or 

xx likely, decomposing a t  higher bakeout temperatures. One s tep 

ward a cleaner system would be the elimination of the ML insulation, 
. . 

4 8 I 
I 



,I-lrcing it with some sort of stacked cerainic insulation such as found 
t 

r . ~ $  vacuum tubes, for instance type NL-740P. 

~t also might be desirable to move the electrical feedthrough 

for the Langmuir probe to a position between the rotary 
/' 

feedthrough and the linear motion feedthrough, ,i /using ceramic-to- 

seals. This would allow the complete removal of the probe from 
1 ee discharge tube without disconnecting the stainless s tee1 sleeves 

I i 

&,! J attach the probe leads to the electrical feehthroughs. 
1 

3 % ~  linear motion feedthrough designed for the Langmuir probe hrorks i , 

gJj:c well. In future designs it would be desirable to use thicker ..I 
i 

~ ~ ! l r d  pi+ for the outer turnbuckle, to allow a coarser thread to be 

~5.4. Kith the device now used, it takes 12 complete revolutions of 

r?~e cmtcr sleeve of the turnbuckle to move the Langmuir probe a distance 
1 s. 

c j  1 inch. Special' Conflat flanges are made with internally threaded 

O11 holes, which would make it possible tb use any diameter pipe, up ' 

ta 3-3/4 inch for the turnbuckle. If regular Conflat flanges are used, 

f r f s nxcssary to leave space for nuts or bolts, limiting the pipe 'I 
. . 

dfwxtcr t o  approximately 2 inches. a\,, 
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I. INTRODUCTION 

Conducting probes  a r e  known t o  have been used t o  exp lo re  ion- 

i z e d  gases  s i n c e  t h e  e igh teen  n i n e t i e s  when Crookes made a v a i l a b l e  

h i s  work i n  t h i s  a r e a ,  However, u n t i l  t h e  work of I r v i n g  Langmuir 

was p re sen ted  i n  1923 t h e  use  of  probes was n o t  f u l l y  understood and 

l a y  a s  a  dormant a r t .  S h o r t l y  a f t e r  Langmuir publ i shed  h i s  probe  

theo ry  i n  t h e  form of  a s e r i e s  of a r t i c l e s  i n  t h e  General  E l e c t r i c  

Review of  1924 t h e r e  commenced a s t e a d i l y  i n c r e a s i n g  amount of s tudy  . 

and r e s e a r c h  i n t o  t h e  f i e l d  of probes  and t h e i r  u s e  f o r  t h e  measure- 

ment of e l e c t r o n  v e l o c i t y  d i s t r i b u t i o n  f u n c t i o n s .  

There a r e ,  however, two b a s i c  a r e a s  of concern common t o  a l l  

t h e  probe t h e o r i e s  t h a t  were developed through t h e  yea r s .  The f i r s t  

of t h e s e  is  t h a t  i n  o r d e r  t o  apply  t h e  probe t h e o r i e s  i t  i s  necess-  

ary t o  o b t a i n  t h e  second d e r i v a t i v e  of t h e  probe  c u r r e n t  w i t h  r e s -  

p e c t  t o  p robe  v o l t a g e .  Secondly, i t  is  neces sa ry  t o  make t h e  as- 

sumption of  a n  i s o t r o p i c  d i s t r i b u t i o n  func t ion .  Kany methods were 

dev i sed  t o  f i n d  t h e  second d e r i v a t i v e  of t h e  probe  curve ,  b u t  a l l  

1 are p rone  t o  a s i g n i f i c a n t  e r r o r .  And q u i t e  obvious ly ,  t h e  assunp- 

I 
t i o n  of  i s o t r o p i c  d i s t r i b u t i o n  f u n c t i o n s  p l a c e s  a  l i m i t  on t h e  app l i -  

c a b i l i t y  o f  t h e  probe  t h e o r i e s .  

I n  1962, R.H. Bond publ i shed  a paper  (Reference 1 )  i n  wb,ich h e  

demonst ra ted  t h a t  f o r  a p l a n a r  probe  t h e  f i r s t  d e r i v a t i v e  of probe  

c u r r e n t  w i t h  r e s p e c t  t o  probe v o l t a g e  is p r o p o r t i o n a l  t o  t h e  f u n c t i o n  

g(vZ), where g(vZ) r e p r e s e n t s  t h e  d i r e c t e d  e l e c t r o n  v e l o c i t y  d i s t r i -  



butxion y i e l d i n g  the  d e n s i t y  of those  e l e c t r o n s  w i t h  z -d i rec ted  velo-  

c i t i e s  i n  t h e  range v  t o  vZ+dv . I n  t h i s  a n a l y s i s  i t  was shown t h ~ t  
Z Z 

i t  is  n o t  neces sa ry  t o  assune  t h a t  t h e  d i s t r i b u t i o n  f u n c t i o n  i s  i s o -  

t r o p i c .  

I n  1965, Bond extended t h e  aforeicentloned work i n  a  r e p o r t  

(Reference 2)  t o  show t h a t  i f  t h e  d i s t r i b u t i o n  f u n c t i o n  is i s o t r o p i c  

t h e  f i r s t  d e r i v a t i v e  of t h e  probe curve is  p r o p o r t i o n a l  t o  g(v z ) f o r  
I 

c y l i n d r i c a l  and s m a l l  s p h e r i c a l  probes a s  w e l l  a s  p l a n a r  probes.  

Thus, i t  is  s e e n  t h a t  by us ing  p l a n a r  probes one is  a b l e  t o  measure 

any a n i s o t r o p y  which t h e  e l e c t r o n  d i s t r i b u t i o n  might possess .  

A s e r i e s  of experiments  desc r ibed  i n  Reference 2 made u s e  of  a  

guard-r ing probe t o  nieasure f o r  t h e  f i r s t  t i a e  t h e  d i r e c t i o n a l  pro- 

p e r t i e s  of  e l e c t r o n  d i s t r i b u t i o n s .  The plasmas probed were t h e  pos i -  

t i v e  c o l u m s  o f  neon and hel ium h o t  cathode d i scha rges .  The exper i -  

menta l  r e s u l t s  and d i s t r i b u t i o n s  ob ta ined  were then  p re sen ted  and 

d iscussed .  

I n  concluding h i s  r e p o r t ,  Bond recommended t h a t  i t  would b e  of 

i n t e r e s t  t o  pursue  a s o l u t i o n  of t h e  theory  which was developed f o r  

t h e  exper iments ,  under c o n d i t i o n s  a p p l i c a b l e  t o  t h e  experiments .  I n  

t h i s  manner, by coapa r i son  of t h e  t h e o r e t i c a l  and exper imenta l  d i s t r i -  

b u t i o n s ,  i t  would b e  p o s s i b l e  t o  determine t h e  v a l i d i t y  of t h e  theory .  

This  t hen  is t h e  o b j e c t  of t h i s  t h e s i s .  The theory  i s  d i scussed  i n  

t h e  n e x t  s e c t i o n .  



This  s e c t i o n  d e a l s  w i t h  t h e  theory  presented  i n  Reference 2. 

Since a  very d e t a i l e d  developement of t h e  theory  i s  given i n  t h a t  

sotlrce,  only those  p o i n t s  of p a r t i c u l a r  concern w i l l  b e  d i scussed  i n  

depth. 

As s t a t e d ,  o u r  i n t e r e s t  l i e s  i n  t h e  neasurement of d i r e c t e d  
, 
! 
I v e l o c i t y  d i s t r i b u t i o n s  i n  a  p l a s ~ a .  The plasmas of concern are as- 

sumed t o  be  weakly i o n i z e d  s o  t h e  i n t e r s c t i o n s  t h a t  dominate are' 

t hose  between e l e c t r o n s  and n e u t r a l s .  I n  t h e  p o s i t i v e  co1ur.n t h e r e  

e x i s t s  a h igh  e l e c t r i c  f i e l d  d i r e c t e d  a long  t h e  tube  a x i s ,  and s i n c e  

t h e r e . i s  no a p p l i e d  magnetic f i e l d ,  t h e  e l e c t r i c  f i e l d  i s  assumed t o  

produce t h e  only  e x t e r n a l  f o r c e  on t h e  e l e c t r o n s .  Also,  t h e  Zistri- ' 

b u t i o n  f u n c t i o n  is assumed t o  have reached a s t e a d y  s t a t e  condi t ion '  

and t o  b e  s p a t i a l l y  homogeneous. With t h e  z-axis a long  t h e  a x i s  of 

t h e  tube ,  t h e  Boltzmann equa t ion  becomes 
. . 

where f(v)$ g ives  t h e  d e n s i t y  of e l e c t r o n s  w i t h  v e l o c i t i e s  w i t h i n  

dv = dvXdv dvZ. The term af - I is t h e  t ime r a t e  of  change of 
Y a t c o l l i s i o n  

t h e  d i s t r i b u t i o n  f u n c t i o n  due t o  c o l l i s i o n s .  

Through t h e  use  o f :  

1. t h e  Chapman and Cowling form f o r  t h e  c o l l i s i o n  t e r n  

(Reference 3) ,  which is  v a l i d  under t h e  assumption of b i n a r y ,  e l a s t i c ,  

shor t - te rm c o l l i s i o n s  



/ 

2. t h e  approximation t h a t  

I 

i which i s  obtained from an expansion of the  c o l l i s i o n  term i n  Legendre 
I 

j polynomials, where h igher  o rde r  terms such a s  f  f , e t c .  a r e  consi- 
2'  3 

dered n e g l i g i b l e  and 0  i s  def ined by vcosel = v  and Figure  1 
1 z 

3. and a  v a r i e t y  of o t h e r  approximations and methods of 
4 

which t h e r e  i s  no r e l e v e n t  need t o  expound 

I i t  is shown t h a t  

I and v 

'mvdv . 
kT 4- ' ~ Z E ~ M  

where A is  a  cons tant .  A t  t h i s  poirit ,  i t  is worth no t ing  what t h e  

/ terms f  and f  r e p r e s e n t  phys ica l ly .  The f  term r e p r e s e n t s  an 
i 

0 1 0 .  

i s o t r o p i c  d i s t r i b u t i o n  whereas f  r ep resen t s  an an i so t ropy  which can I 1 

I b e  i n t e r p r e t e d  a s  a  d r i f t  v e l o c i t y  i n  t h e  d i r e c t i o n  of t h e  app l i ed  

i f o r c e  on t h e  e l e c t r o n s .  
I 
f Paying p a r t i c u l a r  a t t e n t i o n  t o  equat ion  ( 2 . 4 ) ,  it is seen  t h a t  
I 

2 2 f o r  kT>>e E M one o b t a i n s  a  G m e l l i a n  d i s t r i b u t i o n  
3zK= 

2 2  ' However, f o r  t h e  oppos i t e  case  of  a  s t r o n g  e l e c t r i c  f i e l d  ( e  E w > k ~ ) ,  
3m2v 12 

1 t h e  d i s t r i b u t i o n  is  no t  i n  genera l  Maxwellian. It is  no t  p o s s i b l e  t o  
! 

eva lua te  an exact  form of t h i s  l a t t e r  d i s t r i b u t i o n  func t ion  un less  





v is  known a s  a  funct ion of v. I f  t h e  mean f r e e  path (A) i s  assumed 
1 

independent of v  (v- = t h e  Druyvesteyn d i s t r i b u t i o n  

is  obtained. It is important t o  mention a t  t h i s  t i m e  t h a t  t h e  pur- 

pose of t h i s  t h e s i s  (as  w i l l  be  seen i n  t h e  next  sec t ion)  is t o  consi- 

der t h e  case  of non-constant mean f r e e  path and t h e  constant  case  is 

presented only f o r  c l a r i f i c a t i o n .  

The constant  term A i n  t h e  preceding equations can b e  evaluated 
\ 

by no t ing  t h a t  t h e  i n t e g r a l  of f over a l l  v e l o c i t y  space y i e l d s  t h e  

e l e c t r o n  dens i ty  n ,  i . e . ,  

00 O3 27Tn 
. n = I £ 9  = I I I fv2sin8 dB d+dv (2.7)  

0 0 0  1 1 ,  -w 

where i t  is r e c a l l e d  t h a t  a  r e l a t i o n s h i p  f o r  f is given by equation 

(2 .2) .  For t h e  case  of a  Druyvesteyn d i s t r i b u t i o n  

Now, t h e  des i red  func t ion  g(v ) can e a s i l y  be  ca lcu la ted .  Re- 
z  

membering t h a t  t h i s  funct ion gives  t h e  dens i ty  of e l e c t r o n s  wi th  z- 

d i r e c t e d  v e l o c i t i e s  i n  t h e  range vZ t o  vZ i- dvZ without regard t o  

t h e i r  x- o r  y -ve loc i t i e s ,  i t  i s  seen t h a t  g  (v ) i s  found by i n t e -  
z 

g r a t i o n  of f over a11 p o s s i b l e  vx and v y i e l d i n g  
Y 

o r  i n  terms of polar  coordinates  



g(v  ) = 2~ / f r d r  . 
z  0 

For t h e  Druyvesteyn d i s t r i b u t i o n ,  equa t ion  (2.10) becomes 

where t h e  f  term h a s  been ignored  as i t  is  shown i n  t h e  Appendix 
1 

of  Reference 2 . t h a t  i t  is  i n s i g n i f i c a n t  except  f o r  l a r g e  v z  . 
. . 

Thus, i t  i s  s e e n  t h a t  t h e  theo ry  developed l e a d s  t o  a s e r i e s  

of equa t ions  a l lowing  c a l c u l a t i o n  of t h e  z -d i rec ted  e l e c t r o n  ve lo-  

c i t y  d i s t r i b u t i o n  func t ion .  And t h i s  theory  h i n g e s ,  aga in ,  on t h e  

fo l lowing  major c o n d i t i o n s :  

1. The degree  of i o n i z a t i o n  i s  low s o  t h a t  on ly  e l e c -  

t r o n - n e u t r a l  c o l l i s i o n s  need b e  g iven  a t t e n t i o n .  

2. Only e l a s t i c ,  shor t - te rm,  b i n a r y  c o l l i s i o n s  a r e  con- 

s i d e r e d ,  

3. The v e l o c i t y  d i s t r i b u t i o n  f u n c t i o n  f can b e  repre-  

s e n t e d  by equa t ion  (2.2).  

Using t h i s  t heo ry  then ,  and provided t h e  c o n d i t i o n s  and assuinp- 

t i o n s  are v a l i d ,  one shou ld  b e  a b l e  t o  c a l c u l a t e  t h e  t h e o r e t i c a l  

v e l o c i t y  d i s t r i b u t i o n  f u n c t i o n s  i n  o r d e r  t o  compare them w i t h  t h e  

measured expe r imen ta l  d i s t r i b u t i o n s  . 



111. SOTJUTION PROCEDURE / 

The s o l u t i o n  of t h e  t h e o r e t i c a l  equa t ions  t o  o b t a i n  t h e  d i s -  

i 
I t r i b u t i o n  f u n c t i o n s  is accomplished through t h e  u s e  of an  I B M  Sys- 

I 
I 
! tem/360 d i g i t a l  computer. Th i s  s e c t i o n  d i s c u s s e s  t h e  t echn iques  
t 
1 
I and procedure  fol lowed i n  o b t a i n i n g  t h e  computer s o l u t i o n .  
i 

Consider  t h e  fo l lowing  e q u a t i o n s  g iven  i n  t h e  p rev ious  s e c -  

t t i on :  v I 
mvdv 

fo = A E '  

f  = f + c o s  elf l  
0  

1 - 2 n n  
t 
i n = / / / f v  s i n  0  do "d+dv 
i 0 0  0 1 1  

! 
1 
i vcose = v 

1 2  
1 

03 

g ( v Z )  = 2nf f r d r  
0 

Now, i t  is s e e n  t h a t  equa t ion  (3.1) cannot  b e  so lved  d i r e c t l y  I 
unless  a l l  of  t h e  terms a r e  independent  of v. And v i n  n o t  indepen- 

1 

dent  of v ,  u n l e s s  t h e  c o l l i s i o n  c r o s s  s e c t i o n  a is c o n s t a n t ,  s i n c e  

For t h e  s p e c i a l  c a s e  where o is c o n s t a n t  (Druyvesteyn d i s t r i b u t i o n )  

equat ion  (3.1) can be d i r e c t l y  i n t e g r a t e d  and y i e l d s  g (v  ) a s  g iven  I 
8 z 1 

by equat ion  (2.11) .  However, s i n c e  t h e  s o l u t i o n s  of i n t e r e s t  a r e  

those of neon and hel ium i t  is  neces sa ry  t o  de te rmine  t h e  r e l a t i o n -  



s h i p  between 0 and v f o r  t h e s e  two gases .  According t o  ~ o s e ' a n d  

Clark (Reference 4) t h i s  r e l a t i o n s h i p  is  g iven  by Figures  2 and 3 ,  

i n  which i t  is seen  t h a t  a and v a r e  n o t  independent .  With t h e  

2" 2" assumpt ion  of  a s t r o n g  e l e c t r i c  f i e l d  (e E M >>ICT) equat ion  (3.1) z=q= 
becomes 

where A and hl are c o n s t a n t s  f o r  each gas.  The s o l u t i o n  of equa- 

t i o n  (3.8) i s  then  ob ta ined  by numer ica l  i n t e g r a t i o n  over  t h e  de- 

s i r e d  range o f  v .  Th i s  is accomplished most e a s i l y  on t h e  compu- 

t e r  by p l o t t i n g  ho2v3 v e r s u s  v t o  o b t a i n  a r e l a t i o n s h i p  s i m i l a r  t o  

Pigure 4. The a r e a  under  t h i s  curve  from z e r o  t o  a y i e l d s  t h e  
v 

2 3 value  of t h e  i n t e g r a l  term /h o v dv f o r  t h e  d e s i r e d  v. Thus, t h e  
1 .  

value  of f  /A can be  found f o r  each d e s i r e d  v and is  g iven  by a 
0 

curve s i m i l a r  t o  F igu re  5.  S ince  f /A goes t o  ze ro  s o  q u i c k l y ,  i t  
0 

is only necessary  t o  i n t e g r a t e  t o  va lues  of v beyond t h e  p o i n t  w h e r e .  

fO/A becomes r e l a t i v e l y  sma l l .  This  p o i n t  i s  noted  t o  b e  a t  v a l u e s  

6 of v i n  t h e  r ange  5.5-6.3 x 1 0  meters  p e r  second f o r  neon and 2.5- 

6 3.0 x 10 meters  p e r  second f o r  hel ium f o r  t h o s e  c o n d i t i o n s  cons i -  

dered. However, f o r  bo th  gases  t h e  i n t e g r a t i o n  i s  c a r r i e d  t o  v a l u e s  

6 of 6.5 x LO meters  p e r  second. 

Now t h a t  f /A  is  known, i t  Is r e l a t i v e l y  easy t o  de te rmine  f I 

0 1" I 



(I) 
(I) 
0 
k v 









which is  given by equation (3.2) a s  

where h is  a cons tan t  f o r  each gas. The term'% can b e  replaced 
2 a v 

Thus, f is r e a d i l y  found wi th  r e s p e c t  t o  v from corresponding va lues  
1 

f l  = -h h ov'f 
2 1  . O  

and t h e  fl/A v e r s u s  v curve is  s i m i l a r  t o  Figure  6. 

To c a l c u l a t e  t h e  cons tant  term A equation ( 3 . 4 )  i s  combined . 

wi th  equat ion  ( 3 . 3 )  t o  y i e l d  

P l o t t i n g  4 n f  vL versus  v w i l l  g i v e  a curve s i m i l a r  t o  Figure  7 .  h'ow 
AV 

t h i s  curve i s  found t o  go t o  r e l a t i v e l y  smal l  va lues  f o r  t h e  gases 

considered b e f o r e  t h e  po in t  where v is 6.5 x l o 6  meters  pe r  second. 

Since  n/A is  given by t h e  a r e a  under t h e  curve of Figure  7 ,  and i t  

was found t h a t  t h e  va lue  of n/A f o r  each gas remains t h e  same whether 

6 
numerical ly i n t e g r a t i n g  t o  v va lues  of 6.5 x 10 meters per  second 

I 
o r  l a r g e r ,  i t  i s  concluded t h a t  s topping i n t e g r a t i o n  a t  6 .5  x 10  6 

, 

meters per  second is  s u f f i c i e n t  and v a l i d ,  a s  was s t a t e d  e a r l i e r .  

The v a l u e  of t h e  e l e c t r o n  d e n s i t y  is  known from t h e  experimental  

d a t a  i n  Reference 2 ,  s o  A is determined from t h e  r e l a t i o n s h i p  
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A P e "n 
_II_ (3.13) I' 

a r e a  under curve n/A 
of Figure 7 

With A thus  determined, f  can b e  determined from equations 

(3.2) and (3.5) t o  b e  

+ f  cose 
£ = £ o  1 1 ,  

and it p l o t s  w i t h  v s i m i l a r  t o  Figure  8. 

l J i th  f  ve r sus  v now obtained t h e  point  of major i n t e r e s t  --- 
t h e  c a l c u l a t i o n  of t h e  z-directed v e l o c i t y  d i s t r i b u t i o n  func t ion  

P (vz) --- h a s  been reached,  Using equation ( 3 . 6 )  w e  s e e  t h a t  g ( ~ , )  

i s  given by t h e  a r e a  under t h e  curve of 2nfr  versus  r ,  where 

,2 , vx2 + v 2 = ,2 - VZ 2 (3.15) 
Y 

These curves of 2nfr  versus  r a r e  s i m i l a r  t o  Figure 9.  It was noted 

t h a t  t h e  v a l u e s  of g(v z ) do not  change regard less  of t h e  va lue  of v 

numerical ly i n t e g r a t e d  t o ,  provided t h e  va lue  i s  equal  t o  o r  g r e a t e r  

than 6.5 x lo6 meters p e r  second. Thus, once again  t h e  v a l i d i t y  of 

6  6.5 x 10 meters p e r  second a s  an i n t e g r a t i o n  end-point is  e s t a b l i s h -  

ed. 

Now t h a t  t h e  preceding methodof determining t h e  Z-di rec ted  \ 
I 
I 
I v e l o c i t y  d i s t r i b u t i o n s  h a s  been presented,  i t  is appropr ia te  t h a t  a  
I 
I 
! 

comparison of those  d i s t r i b u t i o n s  obtained t h e o r e t i c a l l y  i n  t h e  

I 
i 
i 

aforementioned manner be  made wi th  those  measured experimental ly 
I 

i n  Reference 2. 







. .. 
IV. ' RESUT,TS 

I n  o r d e r  t o  a r r i v e  a t  conclus ions  concerning t h e  v a l i d i t y  of 

t h e  theo ry  p r e s e n t e d  p r e v i o u s l y ,  i t  i s  neces sa ry  t o  cons ide r  two 

I s e p a r a t e  s e t s  of r e s u l t s .  These c o n s i s t  of t h o s e  measured exper i -  
I 
i men ta l ly  and p re sen ted  i n  Reference 2 and t h o s e  ob ta ined  t h e o r e t i -  

c a l l y  by t h e  methods of t h i s  t h e s i s .  

I Tables  I and 11 p r e s e n t  t h e  c o n d i t i o n s  under which t h e  ex- 

I 
1 per iments  were  conducted a s  w e l l  a s  t h e  v a l u e s  obta ined  f o r  t h e  

I 
i v a r i o u s . e l e c t r o n  number d e n s i t i e s .  It is  t h e s e  c o n d i t i o n s  t h a t  a r e  

i 
I a p p l i e d  t o  t h e  t heo ry  t o  y i e l d  i ts  r e s u l t s ,  The t h e o r e t i c a l  re -  

t 
i s u l t s  a r e  r e p r e s e n t e d  by t h e  f a m i l i e s  of g(vZ) cu rves  i n  F igu res  1 0  

and 11. It shou ld  b e  noted  t h a t  on ly  a  p o r t i o n  of t h e  r e s u l t s  are 

p resen ted .  Th i s  is  due t o  t h e  f a c t  t h a t  they  are t h e  o n l y  p o r t i o n  

! f o r  which comparable r e s u l t s  a r e  p re sen ted  i n  Reference 2. The re- 
f 

maining r e s u l t s  are s i m i l a r  f a m i l i e s  of curves  which a r e  n o t  ne- 

c e s s a r y  i n  o r d e r  t o  a l l ow conclus ions  t o  b e  drawn concerning t h e  

theo ry .  
! 

j I f  one o f  t h e  curves  from each s e t  of t h e  f a m i l i e s  of F igu res  

10  and 11 i: compared w i t h  i t s  c o u n t e r p a r t  measured expe r imen ta l ly ,  

a s  is done i n  F igu res  12  and 13 ,  a d i s s i m i l a r i t y  i s  noted.  The 

I 
1 
I f a c t  t h a t  t h e  d i s s i m i l a r i t y  of t h e  curves i s  l a r g e  i n d i c a t e s  a  de- 
i 

i 
i f i n i t e  ek ro r .    he nex t  s e c t i o n  d e a l s  w i t h  t h i s  problem. 
! 



Discharge 
d e s c r i p t i o n  

Pressure  = 

Discharge c u r r e n t  = 

Pres su re  = 

Discharge c u r r e n t  = 

Longi tudina l  d i s t a n c e  of 
probe from ca thode  = 

Pres su re  = 

Discharge c u r r e n t  = 

Longi tudina l  d i s t a n c e  of 
probe from ca thode  = 
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Neon Experimental  Condi t ions  

Table  X 
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d e s c r i p t i o n  

P r e s s u r e  = 

Long i tud ina l  d i s t a n c e  of 
probe from ca thode  = 

P r e s s u r e  = 

Discharge c u r r e n t  = 

P r e s s u r e  = 

Discharge c u r r e n t  = 

Discharge c u r r e n t  = 

Long i tud ina l  d i s t a n c e  of  
probe from ca thode  = 

I .  
/ 

! 

i 

Helium ~ x p e r i m e n t s l  Condi t ions  
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y, CONCLUSIONS 

.. . .  . 

The obvious deduction t h a t  can be made concerning t h e  d i s -  
. . .. . 

s i m i l a r i t y  of t h e  t h e o r e t i c a l  and experimental r e s u l t s  i s  t h a t  t h e  

theory i s  no t  t r u l y  r e p r e s e n t a t i v e  of t h e  phys ica l  occurrences. The 

methodology and program used i n  t h e  c a l c u l a t i o n  of t h e  t h e o r e t i c a l  

d i s t r i b u t i o n s  i s  shown t o  b e  c o r r e c t  i n  Appendix B,  thus g iv ing sup- 

J 
p o r t  t o  t h i s  deduction. 

R e c o l l e ~ t i o n  of t h e  b a s i c  assumptions made i n  developing t h e  

theory w i l l  perhaps g ive  some i n s i g h t  i n t o  t h e  reasons f o r  its col-  

lapse .  The f i r s t  assumption, t h a t  t h e  degree of i o n i z a t i o n  is low, 

is s h o p  t o  b e  v a l i d  when no t ing  t h a t  t h e  e l e c t r o n  number d e n s i t i e s  

15 
a r e  of t h e  o rder  10 and t h e  n e u t r a l  number d e n s i t i e s  a r e  of t h e  

o rder  f o r  t h e  gas pressures  used, thus  y i e l d i n g  a degree of 

-5 i o n i z a t i o n  of o rder  10 pe r  cent .  The second assumption, t h a t  

only e l a s t i c ,  short-term, b inary  c o l l i s i o n s  need be  considered does 

not  prove v a l i d  when i t  is seen t h a t  t h e  g(v  ) d i s t r i b u t i o n s ,  f o r  
z 

neon i n  p a r t i c u l a r ,  have s i g n i f i c a n t  values  a t  energies  of 20 elec- 

6 
t r o n  v o l t s  (3  x 1 0  meters p e r  second). This is  i n  t h e  region of 

t h e  f i r s t  resonance p o t e n t i a l  of both helium and neon. It is evi-  

dent from t h i s  t h a t  e l e c t r o n s  wi th  energies  above t h e  f i r s t  resonance 

~ o t e n t i a l  a r e  undergoing i n e l a s t i c  c o l l i s i o n s .  This w i l l  modify t h e  

d i s t r i b u t i o n  func t ions  not  only i n  t h e  h igh energy range bu t  a l s o  

where c o l l i s i o n s  a r e  pure ly  e l a s t i c .  The t h i r d  assumption, t h a t  f 

can be approximated by t h e  two terms f o  and f l ,  is one which Ginzberg 



(Reference 5) holds to be valid but which could concievably cause 

error. This could come about as the result of a higher order approx- 

imation such as f2, fj, etc. which is not negligible as supposed. An 

additional assumption, that of a strong field, was made in the solu- 

tion procedure. This assumption is shown to be valid in Appendix C. 

It was noticed that by adjusting the parameter hl in equation 

(3.8) one is able to "fit" the theoretical curves very closely to 

the measured experimental ones. A detailed analysis of this was not 

carried out, but preliminary investigations indicate a mathematically 

determinate relationship might exist between h and the proper 
. . 1 

"fitting" of each set of related curves. This mathematical relation- 

ship would seem to be dependent on the physical parameters of the 

discharge. 

With the aforemenfioned in mind it can be deduced that the 

theory could be misrepresentative of the physical occurrences due to 

any one, or combination of, the following factors: 

1. Failure to take into. account inelastic collisions. 

2. Invalid series representation of the velocity distri- 

bution function f. 

Naturally, there are possibly other areas where the physical 

situation is erroneously represented, The aforementioned are the 

most obvious noted by the author. 



VI. RECOMMEKDATTONS 

The work done i n  t h i s  t h e s i s  was undertaken i n  o r d e r  t o  dc- 

te rmine  whether  t h e  theo ry  developed f o r  t h e  experiments  of Refer- 

ence  2 was t r u l y  r e p r e s e n t a t i v e  of t h e  p h y s i c a l  occurrences .  It 

was shown t h a t  t h i s  was n o t  t h e  case .  It would b e  t h e r e f o r e  l og i -  

c a l  t h a t  t h e  theo ry  b e  reworked t a k i n g  i n t o  account  t h o s e  a r e a s  of  

concern. A d d i t i o n a l l y ,  i t  would b e  i n t e r e s t i n g  and of  v a l u e  t o  
. . 

s t u d y  more thoro,ughly and t o  de te rmine ,  i f  indeed p o s s i b l e ,  t h e  

mathemat ica l  f e l a t i o n s h i p  f o r  h  f o r  t h e  proper ,  " f i t "  of  t h e o r e t i -  
1 

c a l  t o  expe r imen ta l  d i s t r i b u t i o n s  i n ' t e r m s  of v a r i o u s  p h y s i c a l  

pa rame te r s  of t h e  d i scha rge .  
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The pro,qrain l i s t e d  on t h e  fo l lowing  pages was run  on t h e  I B X  

System/3GO computer t o  c a l c u l a t e  t h e  e l e c t r o n  d i s t r i b u t i o n s  f o r  neon 

: and hel ium, I t  i s  t i t l e d  DIREDIST, is  i n  F o r t r a n  I V  language,  and 

c o n s i s t s  of t h e  fo l lowing  s e c t i o n s :  
i 
b 

A. Plain Program - used t o  c o n t r o l  i n p u t s  and o u t p u t s ,  

i c a l l  t h e  s u b r o u t i n e  t o  c a l c u l a t e  equa t ions  t o  f i t  d a t a  curves  and 
$ 
i 

p i c k  t h e  b e s t  " f i t " ,  p r i n t  and check t h e  d a t a  e q u a t i o n s ,  c a l c u l a t e  

v a r i a b l e s ,  c a l l  o t h e r  s e c t i o n s  when a p p r o p r i a t e ,  and p r i n t  t h e  
i 

main headings  and f i n a l  g(vZ)  va lues .  
I 

B.  Subrout ine  FOSAV - used t o  c a l c u l a t e  p o i n t s  of an  

2  3 h  a v v e r s u s  v curve  and p r i n t  t h e s e  p o i n t s ,  c a l l  a  s u b r o u t i n e  t o  1 

numer i ca l ly  i n t e g r a t e  t h e s e  p o i n t s  11 a t  a  t ime,  and p r i n t  t h e  p o i n t s  

of t h e  f o / ~  v e r s u s  v  curve  thus  c a l c u l a t e d .  

C. Subrout ine  FlSAV - used t o  c a l c u l a t e  and p r i n t  p o i n t s  

of a n  f /A v e r s u s  v curve  cor responding  t o  t h o s e  i n  s e c t i o n  B .  
1 

D. Subrout ine  FSACON - used t o  c a l c u l a t e  and p r i n t  p o i n t s  

of a 4nfnv2 v e r s u s  v  curve ,  cor responding  t o  t hose  of s e c t i o n s  A and 
A 

B ,  t o  c a l l  t h e  s u b r o u t i n e  t o  numer ica l ly  i n t e g r a t e  t h e s e  p o i n t s  19 

b 

I a t  a  Eime, and add t h e s e  i n t e g r a t i o n s  t o g e t h e r .  

E. Subrout ine  FSAV - used t o  c a l c u l a t e  and p r i n t  p o i n t s  

of an  f  v e r s u s  v  curve  and t o  p r i n t  t h e  v a l u e  of t h e  c o n s t a n t  A ob- 

t a i n e d  i n  s e c t i o n  D. 

F. Subro:l t ine PR -. used  t o  change t h e  system of refer- 



ence  from r e c t a n g u l a r  t o  p o l a r  c o o r d i n a t e s ,  / 

G, Subrout ine  DIST - used t o  c a l c u l a t e  and p r i n t  p o i n t s  -- 

on a  2n f r  v e r s u s  r curve  cor responding  t o  t hose  of s e c t i o n  F,  and 

t o  c a l l  t h e  sub rou t ine  t o  numer ica l ly  i n t e g r a t e  t h e s e  p o i n t s ,  t h u s  

y i e l d i n g  a  v a l u e  of g(vz).  

H, Subrout ine  ORTHO - used t o  " f i t " ,  by . t h e  method of 

l e a s t  squa res  (Reference 6 ) ,  a polynomial equat ion  of from f i r s t  t o  

e i g h t h  o r d e r  t o  a  s e r i e s  of p o i n t s ,  t o  c a l c u l a t e  t h e  sum of t h e  

s q u a r e s  of  d e v i a t i o n  and t h e  maximum s i n g l e  d e v i a t i o n  a t  a  p o i n t .  

I ,  Funct ion SIMPUN - used t o  numer ica l ly  i n t e g r a t e  a 

series of p o i n t s  on a  curve  us ing  t h e  Modified Simpson's Rule.  

The f low c h a r t  shown i n  F igu re  14  i s  in t ended  t o  d e s c r i b e  a s  

s imply as p o s s i b l e  t h e  o p e r a t i o n  of t h e  program. It is  a  s imp l i -  

f i e d  o p e r a t i o n a l  f low c h a r t  and as such i s  n o t  i n t ended  t o  g i v e  a  

l i t e r a l  d e s c r i p t i o n  of t h e  program --- t h e  l i s t i n g  fo l lowing  is  

f o r  t h a t  purpose. 



1 Read exper imenta l  I , 

d -- 
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. I  
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-Opera t iona l  Flow Chart- 
F igu re  14  



C 
C CALCULATION OF DIRECTED ELECTRON VELOCITY DISTRIBUTIONS I N  
C HELIUII AXD NEON 

2COE(lO),  E ( 4 0 )  , l? lSA(740)  ,YSIG(40)  , S I G ( 4 2 )  ,V(147)  ,FSA2 ( 1 4 7 )  , 
3VELO ( 1 4 7 )  , F ( 1 4 7 )  , R ( 1 4 7 )  , GVZ ( 1 9 )  ,PXE ( 1 6 )  ,CURSE ( 1 6 )  , CURHE ( 1 6 )  , 
4 X L ( l 6 )  , SUllSQ ( l o )  , F S A l ( 1 4 7 )  , GVZl(19)  

READ ( 5 , 1 0 0 )  EN, RA , XL , XhTDN1, D T D H 1  ,PEE, PHE , CURiUE , CURHE, 
100 FORNAT (5F10 .5)  

C 
C CONSTANTS 
C 

XMELEC = 9 .1086E-31  
XM(1) = 3.351E-26 
XM(2) = 3.351E-26 
XM(3) = 6.643E-27 
XM(4) = 6 .643E-27  

' EFIELD = 2.OE2 
ECHRG = 1 .6021E-19  
TEI\P = 2 . 9 3 E 2  
AVNUM = 6 .023E26  
CONS = (AvNuN*~. 7 3 ~ 2 )  / ( 2 . 2 4 ~ 1 * 7 6 0 E - 3 ~ ~ T E W )  

-)-tf DO 10 I = 1 , 4  
C 
C 
C CALCULATION OF EQUATION TO F I T  DATA CURVES 
C 

I F  ( I  .EQ. 2)  GO TO 1 1 0  
I F (  I .EQ. 4 )  GO TO 1 1 0  
READ ( 5 , 1 0 5 )  NPOINT 

105 FORMAT ( 1 5 )  
DO 2 1 0  J = 1,NPOINT 
READ ( 5 , 1 0 1 )  X ( J )  ,Y ( J )  

101 FORMAT ( 2 F 1 0 . 0 )  
Y S I G ( J )  = Y ( J )  

2 1 0  E ( J )  = X(J)**2 
DO 1 2 0  I D G  = 1 ,8  
CALL ORTHO (E ,YSIG,  LTOINT, IDG ,COE, S-UXSQ , D M )  

1 2 0  COXTINUE 
SuMI.1IN = SUi*ISQ(l) 
DO 111 10 = 2 , 8  
I F  (Su1.DIIN .LT. sUIISQ(IO)) GO TO 1 6 9  
N = I0 
60 TO 1 7 7  

1 6 9  N =1 



i 

I 177 SUlDlIN = SUI\lSQ(N) 
111 CONTINUE 

I 
i IDG = N 

CALL ORTHO (E,YSIG,KPOINT,IDG,COE,SIMSQ,D~AX) 
C 
C PRINT AND CHECK THE RESULTS OF THE EOUATION 
C 

1 
WRITE (6,102) 

1020FOwfAT (1H1,3X,3HIDG,6X,4HX**8,6X,4HX**7,6X,4HX**6,6X,4HX*k5, 
I 
1 

~ ~ X , ~ H X * * ~ , ~ X , ~ H X * * ~ , ~ X , ~ H X * * ~ , ~ X , ~ H X * * ~ S Q ,  
26X, 4HDMAX) 

. ! 
WRITE(6,103) IDG,(COE(K),K=1,9),SUMSQ(IDG),DMAX 

45 FORPlAT (//~~x,~HEI~ERGY,~~x,~HsIGMA,~~x,~HsIGIN,/) 
WRITE (6,45) 

103 FORIlAT (/5~,11,4X,ll(l~,~9.3)) 
DO 150 N = 1,NPOINT 
SIG(N) = COE(1) 
DO ,160 M = 2,9 

160 SIG(N) = SIG(N)*E(N)+COE(M) 
150 WRITE (6,69) E(N) ,SIG(N) ,YSIG(N) 
69 FORMAT (15X, E15.8,15X, E15,8,15X, E15.8) 

E C .  

I .' 

C CALCULATED VARIABLES 
C 

* 110 DO 10 KK = 1,16 
! I 

NnAG = 0 
3-f-t DO '15 J = 1,19 

NFLAG = NFT,AG + 1 
IF (I . EO. 2) GO TO 71 

I 
IF (I .EQ. 4) GO TO 71 
IF (KK .GT. 1) GO TO 71 1 

IF (J .GT. 1) GO TO 71 I 
IF (1-2) 60,60,70 

i 

60 WRITE (6,65) PNE(K~~) , CURNE (KK) ,XZ, (KK) , RA (KK) . 1 
650FORMAT (lH1,5X,4HNEON,5X,4HP = ,F5.073H MU,5X,4HI = ,F5.1,3H IN, 
15X,4HL = ,F4.1,3H CM,5X,4HR = ,F3.1,3H CM) 
GO TO 71 

I 
70 WRITE (6,75) PHE (KK) , CURHE (KK) , XL (KK) , RA (KK) 
750FOWT (lH1,5X,6HHELIIM,5X,4HP = ,F5.0,3H MIJ,5X,4HI = ,F5.1,3H XA, 
15X,4HL = ,F4.1,3H CM,5X,4HR = ,F3,1,3H CM) 1 

I 71 IF (I .EQ.l) GO TO 76 1 

I IF (I .EQ. 2) GO TO 77 
IF (I .EQ. 3) GO TO 76 

I 
IF (I .EQ. 4) GO TO 77 

i 
I 

i 
i 76 VZ (J) = (SQRT (2.O*ECHRG/Xi\fELEC)) *EN (J) 

GO TO 29 
77 VZ (J) = - (SQRT (2. O*ECHRG/~LEC))*EN(J) 

i 29 IF (NFZAG . G T . l )  GO TO 51 
< 

i 
IF (I - 2) 30,30,40 

? 30 XN(KK) = CONS*PNE(KK)*l.OE6 
t 

L 



?IXDNE(I(IO = XNDXl(KI<)yfl.OEl5 
GO TO 50 

40 Xi (KK) = CONS*PHE (KK) >tl.OE-6 
UDHE (KK) = mDH1 (.a) fcl.OE15 

50 CALL FOSriV (Dl ,H, m7, KK, XlELEC, ECI-LRC: , EFIELD ,I, FOSA ,VET,, COE) 
CALL FlSiZV (FOSAV,VEL,.VfELEC,ECI~RG,?IW,I(i<,I,EFIELD,F1SA,H,COX) 
OCALL FSACON (FOSA,VEL, I ,VELO ,XNDSE ,:(I; ,XXDHE ,ACOST ,??$A1 ,FlSA, 
1FSA2) 

51 CALL FSAV (VZ , J , VELO , V , MIN , FSA1, FSA2, ACONT, F , I=K, I) 
CALLFR (V,R,VZ,J,PfIN,KK) . 

CALL DIST (F,R,GVZ,J,MIN,KK,I,GVZl) 
15 CONTINUE 

PRINTED RESULTS 

IF (1-2) 81,81,82 
81 I-!TITE (6,66) PNE (KK) , CURNE (KK) , XL (KK) , RA (IN) , mDXE (KK) , X?! (+a) 
660FOkYAT (1HlY5X,4HNEON,5X,4HP = ,F5.0,3H MU,5X,4HI = ,F5.lY3H YAY 
15XY4HL = ,F4.1,3H CM,5XY4HR = ,F3.lY3H CM,/SX,19HELECTROB DEXSITY 
2=,E15.8,5X,15HNEON DENSITY = ,E15.8) 
GO TO 80 

82 ITRITE (6,7 8) PHE (KK) , CURHE (KK) , XL (K) , RA (KK) , v) 
78OFORMAT(lH1,5X,6HHELIUM,5X,4HP = ,F5.0,3H M[J,5X,4HI = ,F5.1,3H PN, 
15X,4HL =,F4.lY3H CM,5XY4HR = ,F3.1,3H CM,/~X,~~HELECTRON DENSITY 
2=. ,E15.8,5X,17HHELIU?.I DENSITY = ,E15.8) 

80 i**TiZ.ITE (6,85) 
85 FORMAT ( / ~ ~ X , ~ H V E L O C I T Y , ~ ~ X , ~ H G ( V Z ) , ~ ~ X ~ ~ O ~ O ~ I Z E D , / )  

DO 10 NIN = 1,19 
10 WRITE (6,95) VZ (KIN) , GVZ (NIN) , GVZ1 (NIN) 
95 FORMAT (10X,E15.8,15X,E15.8,15XyE15.8) 

STOP 
END 

SUEIROUTINE FOSAV 

CALCULATION OF THE SY2METRICAL DISTRIBUTION F~7CTION 



a I 
/ 

I / 

I F  ( I  .EO, 4) GO TO 72 
I 

I 7 1  V 1  (K)  = (4-1) * 6 . 5 5 ~ 6 / 7 3 9 1 . 0  1 
GO TO 7 3  I 

72 Vl(K) = - (Q-1)A6.55E6/7391,  0 t 

f 
I 

73  21= (BELEC,k*2/ECHRG*$c2) * (3.0,+Xl4 (IN) **~/EFXELD>~*~)  * (XXELEC/XX(I) ) f 
! EV (K) = ( (XIYELEC*V~ (K) **2) / (2. O ~ ~ E C H R G )  
i, S I W ( K )  = COE(1) 

. [ DO 25 IIX = 2 , 9  
25  SIG?IA(K) = S I G ~ ( K )  *EV(K)SCOE (MX) 

1 
I 

SIGY'i(K) = SIGMA(K)*l.OE-20 
3 YY (K) = H>'GIGNA(K) **2*V1 (K) **3 

SUM = 0 . 0  

- I 
VEL(1) = 0 . 0  

1 
FOSA(1) = 1 . 0  
DO 1 0  M = 2 , 7 4 0  
MX = (M-2)*lDfl 
IN = (M-l)*lO+l 

I 
MK = 0 

I 
DO 9 N = MM,MN : I  
In< = MK+1 
Y (MK) =W(N) 
X (MK) = V1 (N) 

9 CONTINUE t 

VEL(M) = X(11) 
XINTEG (M) = S IMPUN (X , Y ,11) 
SUMINT (M) = XINTEG (M) +SUM 
FOSA(M) = EXP (-SUMINT (M) ) 
SUM = SUMINT(M) 
I F  (FOSA(M) .LT. 1,OE-50) GO TO 11 

! 
i 

10 CONTINUE 1 
GO TO 1 2  

11 DO 27 NO=M,740 
M O = 1 1  *NO-NWl 
VEL(NO) = VI (NO) 

i 
27 FOSA (NO) =O . 0 i i 
1 2  I F ( 1  .EQ, 2) GO TO 13 

I F ( 1  .EQ. 4 )  GO TO 13 
IF(KK . GT. 1 )  GO TO 1 3  

I 
WRITE ( 6 , 8 1 )  

81 FORiiT (//~~x,~HFosA,~~x,~HvEL,/) 
I 
i 

DO 1 4  NL=1,740,6 
1.4 WRITE (6,821 FOSA(NL) ,VEL(NL) 

I 
8 2  FORMAT ( 1 0 ~ , ~ 1 5 ~ 8 , 1 5 X , E 1 5 , 8 )  
13 RETURN 

I 
I 

END ! 
I 

C, SUBROUTINE FlSAV 1 



C 
C DETEmIINATIOK OF TIIE DISTRIi3U'IIOK FWCTION DUE TO DRIFT 
C 

OSUBROUTIKE FlSAV (FOSA, VEL , fiiPcLEC, EClJRG, XN , ICIC, I:, EPIELD ,3:1SA, H , 
1COE) 
ODIPENSION DERFO(740) ,FOSA(7IG) ,VEL(740) ,SIGbU(740) ,EV(740) , 
lFlStl(740) , SX (16) , COE(10) 
SIGNA(1) = 0.0 
EV(1) = 0.0 
FlSA(1) = 0.0 
DO 10 K = 2,740 
EV(K) = (~IELECWEL (K) *,k2) / (2. O~ECHRG) 

1 
> SIG?lrl(K) = COE(1) 
% 
i DO 25 ICC = 2,9 
x g 25 SIGYA (K) = SIGFiA (K) ,kEV (K)+COE (3%) . , SIGP'A(K) = SIG?fA(K)*l.OE-20 
F 9 DERFO (K) = -EI*SIG;lL'i (i<) **2*VZL (K) kJ;3*FOSA (K) 
i 

100FlSA (K) = (ECHRG>kEFIELD/XIXELEC) * (1.0/ (XN (10 (K) *VEL (K) ) ) * 
$ 1DfiRFO (K) 

IF (I . XQ. 2) GO TO 13 

3 
IF (I .EO. 4) GO TO 13 

j IF (KK . GT. 1) GO TO 13 
L \<RITE (6,31) 

31 F O ~ ~ T ( / / ~ ~ X , ~ H V E L , ~ ~ X , ~ H F ~ S A , ~ ~ X , ~ H X V , ~ ~ X , ~ H S I G ~ ~ , / )  
I DO 14 N = 1,740,6 
P 14 WRITE (6,32) VEL(N) ,FlSA(N) ,EV(N) , SiGMA(h7) 
i .  32 FOWAT (10X,E15.8,15X,E15.8,15X,E15.8,15X,E15.8) 
< 
5 13 RETUFG 

END 

": 
D. SUBROUTINE FSACON 

C 
C DETER1I:INATION OF THE CONSTLYT A 
C 

OSUBROUTINE FSACON (FOSA,VEL,I,VELO,mDNE,KI<,XNDHE,ACONT, 
lFSAl,FlSA,FSA2) 
ODIMEXSION FSASIK(~~O) ,FOsA(740) ,VE1,(740) ,\?'Y (19) ,XX(19), 
1VELO (147) , XINTE (147) ,D~A(147) , C (19) , -DNE (16) , 
2XTDHE (16) , FSA2 (147) , FlSA(147) , D (19) 
PI = 3.141592 
IF (I .EO. 2) GO TO 7 
IF (I .EQ. 4) GO TO 7 
IF (KK .GT. 1) GO TO 7 
WRITE (6,l) 

1 FORNAT ( / /~~x,IK~<L~,~~x,~EXW,/) 
7 DO 10 K = 1,740 
10 FStISIK(K) = 4.09iPIkFOSA(K) fcVEL (K) **2 

SWlS = 0.0 



DO 15 Y,=1,41 
?:I = (31-1) "184-1 
PIJ = 11*18-t-1 
NJ = 0 
DO 2 0 T,=MI , MJ 
NJ = N.Ti-1 
D(XJ) = FISA(Z) 
C(XJ) = FOSA(L) 
YJT (NJ) = FSASIN(L) 
XX(NJ) = VEL(L) 

. 20 COXTISUE 
VE1,O (N) = XX ( 3  3 )  
17SAI (PI) C (1 0) 
PSA2(M) = D(19) 
IF (I .EQ,2) GO TO 8 
IF (I .EQ.4) GO TO 8 
IF (KK . GT. 1) GO TO 8 
WRITE (6,9) VELO(M) , J ! ! ( 6 )  

9 FORPIAT (lox, ~15.8,15~,~15.8) 
8 XINTE(M) = SIM~?UN(XX,WY, 19) 
IF (VELO (M) . LT. 0.0) XINTE(M) = -XINTE(M) 
DSA(PI) = XINTE(M) 3- SUMS 
SUNS = DSA(M) 

15 CONTINUE 

GO TO'l6 
3 ACOWT = XNDHE(KK) /SUMS 
16 RETURN 

END 

E. SUBROUTINE FSAV 

DETERMINATION OF THE TOTAL DISTRIBUTION FUNCTION 
C 

SUBROUTINE FSAV (vz,J,vELo,v,MIN,FsA~,FsA~,ACONT,F,KK,I) 
- ODIMENSION VELo(147) ,~~(19) , ~ 1 ~ 2  (740) ,FOS2 (740) ,V(147) , 

lF~Al(147),FSA2(147),F(147) 
MIN = 1 
DO 10 K=1,41 
XA=VELO (K) **2 
XB=VZ (J) *9~2 
IF (XA .LT. XB) GO TO 10 
IIIS = MINfl 
V(P"IPN) = VELO (K) 
FOS2(MIN) = FSA2 (K) 



,, 

/ 

F 1 ~ 2  ( M I X )  = F S A 2  (K) - F (MIN) = (FOS 2 (NXN) f f15 2 (MIX) *VZ (J) /V (MIN) ) *ACONT 
1 0  CONTINUE 

I F  (I . E O .  2 )  GO TO 13 
I F  (I . E Q . 4 )  GO TO 13 
I F  (KK .GT.  1) GO TO 13 
I F  (J .CT.  1) GO TO 13 
h?IITE (6,31) 

31 FORIfAT ( / / ~ ~ X , ~ H V , ~ ~ X , ~ H A C O N , ~ ~ X , ~ H F , / )  
DO 1 4  N=2 ,MIN 

1 4  W R I T E  ( 6 , 3 2 )  V(N) , ACONT, F (N) . 
3 2  FORMAT (lC)X,E15.8,15X,E15.8,15X,F,15.8) 
13 RETURN 

END 

F. SURROUTINE F R  

C 
C CHANGING TO POLAR COORDINATES 
C; 

SUBROUTINE F R  ( V , R , V Z , J , M I N )  
DIMENSION V ( 1 4 7 )  ,VZ ( 1 9 )  , R ( 1 4 7 )  
DO 10 K=2 ,MIN 

10 R(K) = SORT (V(K) **2-VZ (J) **2) 
RETURN 
END 

G ,  SUBROUTINE D I S T  

SUBROUTINE DIST (F,R, GVZ, J ,MIN ,IX, I ,  G V Z ~ )  
ODIHENSION F v z ( 1 4 7 )  ,F(147) , R ( 1 4 7 )  , X I N T ( 2 9 )  , G V ( 2 9 )  , G V z ( l 9 )  , 
l G V Z l ( 1 9 )  
P I  = 3.141592 
FVZ (1) =. 0 
R ( 1 )  = 0 
I F  (I .EQ.  2 )  GO TO 3 
I F ( 1  .EQ. 4) GO TO 3 
I F  (KK . GT. 1) GO TO 3 
I F  (J .GT.  1) GO TO 3 

3 DO 10 K = 2 , M I N  
1 0  FVZ(K)  = 2 . 0 A P I * F ( K ) * R ( K )  

I F  (I .EQ. 2 )  GO TO 2 0  
I F  (I .EQ. 4)  GO TO 2 0  
I F  (KK . GT. 1) GO T O  20 
I F  (J . G T ,  1) GO TO 20 
\?RITE ( 6 , l )  

1 FOIZMAT ( / / 2 2 ~ , 2 1 1 ~  , ~ ~ x , ~ H F v , / )  



8 
Y a DO 15 Pt=1,3IIS 
1 15 WRITE (6,21) R o t )  , FVZ 01) 

21 FOIthlAT (15S,El5.8,15>;,E15.8) 
20 GVZ (3) - SIPPUN (R ,  FVZ ,lIIX) 

1 
W z l ( J )  = GVZ(J)/GVZ(~) 
RETURN 
END 

1 i 
< 

H. SUBROUTINE ORTHO 
i . ? 

f 
C 

C 
2. C CURVE FITTING BY THE METHOD OF LEAST SQUARES 
C C 
'5 SUBROUTINE ORTHO (X,Y , N ,  I D G ,  COE, SUMSQ ,DMAX) 
5 DIkfENSION X(40) ,Y (40) ,Q(40) ,P (40) 
$ DIMENSION A (10) ,B (10) , c (10) , G (10) , COE (10) , SUMSQ (10) 
2 r- NC t I D G  -I- 1 
2 DO 5 I = l , N  
i 
2 P(1) = 0.0 
r( 5 ? ( I )  = 1.0 I 
4 DO 7 J = l , N C  g 
I A(J) = 0 .0  
f 
i: B(J) = 0.0 

! 7 C(J) = 0.0 
I 

2 F = 0.0 1 WN = N ! 
t DO 1 8  I = l , N  f 
! W = 0.0  
$ DO 12 L=l,N 

i 
D 
b 12  w = W+Y (L)*Q (L) 
i C(1) = w/m I 
5 
3 I F  (I-NC) 14,20,20 

1 4  E = 0.0 
DO 16 L=I,N 

i 
4 1 6  E = E+X(L) *Q(L) *Q(L) 

I 
3 

1 
:: E = E/TJN I 
i A(I+l) = E 1 I 

tJ = 0.0  i, S a DO 17 L=l,N 
$ 

I 

v = (x(L)-E) *Q (L) -F*P (L) 
i 

3 P(L) = ?(L)t 
i 

1 Q(L) = V I 
$ 17 Id a W+VJcV 
F 

F = W / W N  4 B(IS2)  = F 
18 WN = W 

< 20 DO 121 L=2,10 
I COE(L-I.) - 0.0 

i 

1 

f . . ! 

* 
I 

i 



r GO TO 2 3  
22 G(L) = G(L) - A(L)*G(L-1)-B(L)*G(L-2) 

b 23 S = S+C (L) *G(L) 
COE(10-J) = S 
L - NC 
DO 25 IJ = 2,NC 
G ( L )  a G(L-1) 

i 25 L=L-1 
I 3 0  G(l) = 0.0 i SUMO = 0.1) 
i r DMAX = 0.0 

DO 35 I=l,N 
YC = COE(1) 
DO 34 J=2,9 

34 YC = YC*X(I)+COE(J) 
R = ADS (Y (I) -YC) 

I D M  = AMAX1 (DW,R) 

5 35 SUMQ = SUMct+RfcR 1 '  SUMSQ(1DG) = SUMQ 
RETURN 

1 END 
2 

I 1 I. FUNCTION SIMPUN 

f C 
f 
$ 

C INTEGRATION BY MODIFIED SIMPSONS RULE 
C 

f FUNCTION SIPPUN (X,Y , L) 
! DIPENSION X(52) ,Y (52) 
t 
! 4 M = L-1 

0 S = (X(2)-X(1))/6.*(~(1)*((~(2)-~(3))/(X(1)-~(3))+2.)+~(2)* 
I 

1 l((X(1)-X(3)) /X(2)-~(3))+2.)-Y (3)*(X(2)-X(l))**2/((X(l)-X(3))* 
c. 
F 

2 (X(2)-X(3) 1) 
6 DO 1 K=2,M 
I IF (ABS (x(K~-1)-~(1))-AI~S (x(I<) - X ( l ) )  ) 3,1,1 

i 3 WRITE (6,2) K,X(K) 
2 FORHAT (23HOKON MONOTONE X SIlfPUhT I4 ,PPE12,4) 

i. 

~os=s+(x(w~)-x(K)) /~.*(Y(K)>~((x(K+~)-X(K-~))/(x(K)-X(K-1))+2.) 
I+Y (K+x) * ( (X(K)-X(K-~)) / (X(I~+~)--X(K-I.))-+-Z. )-Y (K-1) *(X(I<-+-~)-X(X} } 
2**2/ ((x(K)-X(K-1)) * (x(K~-1)-x(I<-1)))) 

i 
C 

B 



6 SIEiPUN = S 
RETURN 
END 



A t  t h i s  p o i n t ,  i t  i s  necessary  t h a t  an exp lana t ion  b e  g iven  

f o r  t h e  manner i n  which one should e n t e r  d a t a  and a l t e r  t h e  "con t ro l "  
. . 

s t a t e m e n t s  i n  t h e  program s o  t h a t  i t  might b e  used t o  o b t a i n  d i s -  

t r i b u t i o n  f u n c t i o n s  f o r  c a s e s  o t h e r  t han  t h o s e  cons idered  by t h e  

au thor .  A s  i t  s t a n d s ,  t h e  program is q u i t e  f l e x i b l e  and can  b e  

e a s i l y  r e v i s e d  t o  s u i t  such a need. 

I f  you w i l l  n o t e ,  t h e r e  a r e  c e r t a i n  s t a t emen t s  i n  t h e  pro- 

gram l i s t i n g  which a r e  marked by arrows i n  t h e  margin. These s t a t e -  

ments a r e  t h e  ones which c o n t r o l  t h e  b a s i c  o p e r a t i o n  of t h e  pro- 

gram. The f i r s t  is  a loop  i n  terms of I. The program i s  s e t  up 

such t h a t  f o r  I=l a l l  o u t p u t  w i l l  b e  i n  terms of t h e  p o s i t i v e  

(cathode t o  anode) vZ a x i s  and headings  w i l l  b e  l a b e l e d  a s  neon. 

For 1 = 2 ' a l l  o u t p u t  w i l l  be  i n  terms of t h e  n e g a t i v e  (anode t o  c a t -  

hode) vZ a x i s .  Likewise f o r  1x3 and 1=4 w i t h  t h e  excep t ion  t h a t  

headings w i l l  b e  l a b e l e d  a s  helium. The loop  can  b e  r u n  indepen- 

dent ly  f o r  I v a l u e s  t h a t  a r e  odd, b u t  even I v a l u e s  must be  run  

with t h e i r  odd mate. And no v a l u e  of I g r e a t e r  t han  4 i s  accep tab le .  

Thus, i t  i s  s e e n  t h a t  two s e p a r a t e  gas  c a s e s  c o n s t i t u t e  t h e  des ign  

limits of  t h e  program. Of  course ,  any gas  can b e  used i n  t h e  pro- 

gram, b u t  i t  should  be  kep t  i n  mind t h a t  a11  headings a r e  i n  terms 

of neon and hel ium ( t h i s  can b e  e a s i l y  remedied).  The second loop  

is i n  terms of KK. This  parameter  i s  no th ing  e l s e  than  t h e  number 

of s e p a r a t e  c o n d i t i o n s  under which each gas i s  t o  b e  sub jec t ed .  

The program will n o t  handle  more thzn  1 6  such conditrtons. The fi-iial 

boops a r e  i n  terms of J and N I N .  These parameters  a r e  t o  c o n t r o l  



/ 

t he  number of vZ  v a l u e s  t o  be  considered i n  t h e  c a l c u l a t i o n s ,  The 

program w i l l  handle  no more than  19 v a l u e s  f o r  J and 'flZN. 

With regard  t o  t h e  i n p u t  d a t a  t h e r e  are a few p o i n t s  of i m -  

por tance  t o  cons ide r .  For each gas t o  b e  programmed t h e r e  a r e  two 
. . .  

s e p a r a t e  s e t s  of d a t a  r equ i r ed .  The f i r s t  s e t  c o n s i s t s  of exper i -  

mental c o n d i t i o n s  f o r  heading  purposes and v a r i a b l e  c a l c u l a t i o n s .  

It should  b e  e n t e r e d  i n  5F10.5 format .  That i s ,  5  d a t a  p o i n t s  pe r  

d a t a  ca rd  i n  F10.5 f i e l d s ,  The d a t a  t o  b e  e n t e r e d  is  t h e  s e l e c t e d  

vz v a l u e s  i n  terms of energy ( squa re  r o o t  of e l e c t r o n  v o l t s ) ,  t h e  

r a d i a l  l o c a t i o n  of t h e  probe i n  t h e  tube ,  t h e  l o n g i t u d i n a l  d i s t a n c e  

of t h e  probe from t h e  ca thode ,  t h e  e l e c t r o n  number d e n s i t y  of t h e  

f i r s t  gas ,  t h e  e l e c t r o n  number d e n s i t y  of t h e  second g a s ,  t h e  pres -  ' 

s u r e  of gases  one and two r e s p e c t i v e l y ,  and t h e  d i s c h a r g e  c u r r e n t  

f o r  b o t h  gases .  These i n p u t s  should b e  i n  t h e  o r d e r  above and a l l  

v a l u e s  o f  one should  b e  i n p u t  b e f o r e  ano the r  i s  begun. There can  

b e  no more than  19  va lues  f o r  v no r  more than  16  v a l u e s  f o r  t h e  
Z 

o t h e r  cond i t i ons .  These c o n d i t i o n s ,  however, must have a co r re s -  

ponding number of v a l u e s .  A s  can b e  seen ,  t h e  number of vZ va lues  

de te rmines  t h e  parameters  J and N I N  w h i l e  t h e  exper imenta l  condi- 

t i o n s  de te rmine  t h e  parameter  KK. It should be  noted t h a t  t h e  i n -  

p u t  v a l u e s  used i n  t h e  program a s  i t  i s  l i s t e d  come d i r e c t l y  from 

t h e  exper imenta l  c o n d i t i o n s  of Reference 2. The second s e t  of 

d a t a  r e q u i r e d  are t h e  coord ina t e s  from t h e  a v e r s u s  v e l o c i t y  curves  

f o r  each gas ,  These are i n p u t  i n  2F.J-0,8 format ,  That i s ,  two 

v a l u e s  p e r  c a r d  i n  F10.8 f i e l d s .  The v a l u e s  on each ca rd  a r e  



a corresponding abcissa and ordinate value. 
. . 

For "run" tine purposes, the program requires.approximately 
. . 

two minutes to compile and 0.03 minutes per J value on the I B M  

System/360.computer. 

With the aforementioned information, one who has a basic , 

knowledge of computer programming should be able to use this pro- 

gram effectively. 



It i s  of major importnncc t h a t  the I)IX1::I~IS'l' p r o g r : ~ n ~  :111d racltllo- 
. . 

dology n o t  be  e r roneous  i n  any manner. Thus, a  check on i t s  c r e d i -  

b i l t y  was made, 

I n  t h e  theory  of Reference 2 t h e  r e l a t i o n s h i p  

was de r ived  f o r  t h e  c a s e  of a  Druyvesteyn ( a  c o n s t a n t )  d i s t r i b u t i o n ,  

where f  i s  cons idered  t h e  only  term of f s i g n i f i c a n t .  Using t h i s  
0 

equat ion ,  t h e  DIREDIST program r e l i a b i l t y  can be  checked. By zero- 

i n g  t h e  f l  v a l u e s  of t h e  program and i n p u t i n g  an  a r b i t r a r y  c o n s t a n t  

o, g(vZ)  v a l u e s  should  b e  ob ta ined  s i m i l a r  t o  t h o s e  p r e d i c t e d  by 

equat ion  (B.1). Th i s  was done and t h e  r e s u l t s  a r e  compared i n  

Table 111. It is seen  t h a t  DIREDIST c a l c u l a t e s  a c c u r a t e l y  g(vZ) 

values .  I n  f a c t ,  t h e  accuracy  i s  q u i t e  a s t o n i s h i n g  cons ide r ing  t h e  

i t e r a t i v e  and numerical  p roces ses  i nco rpora t ed  i n  DIREIDST. 

I n  a d d i t i o n ,  i n  o r d e r  t o  demonstrate  t h a t  v a r i a t i o n  of t h e  

a parameter  is  accounted f o r  c o r r e c t l y  by DIREDIST, t h e  g(v,) 

curves  f o r  a Druyvesteyn case ,  a  neon-l ike o, and a hel ium-l ike a  

were c a l c u l a t e d  f o r  an  a r b i t r a r y  gas.  A 1 1  t h e s e  c a s e s  were "run" 

I f o r  t h e  same e l e c t r o n  d e n s i t y  and mean v e l o c i t y .  The r e s u l t s  a r e  
i 

given  by F igu re  15 .  A s  expec ted ,  f o r  t h e  c a s e  of a  ( o r  mean f r e e  

t pa th )  i n c r e a s i n g  w i t h  energy (neon) t h e  number of h i g h  energy 
I 

e l e c t r o n s  i s  above t h a t  found f o r  cons t an t  a and f o r  t h e  c a s e  of 



1 

z-directed 
I as dezermined by 

DIREDIST eqn. (B.1) 

1.749 1.749 
1.699 1.699 
1.637 1.637 
1.551 1.551 
1'. 442 1,442 
1.162. 1.161 
0.999 . 0.998 
0.830 0,827 
0.661 0.657 
0,502 0,496 
0.359 0.353 
0.205 0.203 
0.099 0.098 
0.040 0.040 
0.010 0.010 
0.002 0.002 
0,000 0.000. 

3.410 0.000 0.000 
I 

3.855 0,000 0.000 

Druyvssteyn g(v z ) Values 

Table  I11 
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/ 

. a dec reas ing  wi th  energy (helium) t h e  o p p o s i t e ' i s  t r u e .  

These two checks made on DIIiEDIST a r e  a s u b s t a n t i a l  proof of 
. . . .  . . 

i t s  c r e d i b i l i t y .  And s i n c e  t h e  accuracy  of t h e  program i s  as ex- 
. .. 

c e l l e n t  as Tab le  111 i n d i c a t e s ,  t h e  methodology i n c o r p o r a t e d  i n  

t he  program must: be v a l i d .  



For t h e  purpose of c a l c u l a t i n g  t h e  d i s t r i b u t i o n  f u n c t i o n s ,  i t  
. . 

is assumed t h a t  t h e r e  e x i s t s  a  s t r o n g  e l e c t r i c  f i e l d  such t h a t  

I n  t h e  c a s e  of hel ium, upon s u b s t i t u t i o n  of v a l u e s  f o r  t h e  

v a i r a b l e s ,  t h e  i n e q u a l i t y  becomes 

For  neon, aga in  upon s u b s t i t u t i o n  f o r  t h e  v a r i a b l e s ,  t h e  in-  

e q u a l i t y  becomes 

. . 
Thus, t h e  c o n d i t i o n  of a s t r o n g  f i e l d  i s  seen  t o  be  v a l i d  f o r  

e i t h e r  gas  and t h e  kT t e rm c a n . b e  cons idered  n e g l g i b l e  w i t h  r e s p e c t  

t o  t h e  ~'E'M term. 
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INTRODUCTION 

The i n t e r ac t i on  of protons and neutrons w i t h  50~ i  produces gamma 

rays.  I n  the  case of proton in te rac t ions  with 50~i ,  both the proton 

capture process 

a s  w e l l  a s  the  i n e l a s t i c  s ca t t e r i ng  process 

occurs. The type of proton i n t e r ac t i on  with t i tanium depends upon the  

incoming proton energy, A t  some pa r t i cu l a r  proton energies,  resonances may 

be  observed. These resonances a r i s e  due t o  energy l e v e l  s t r uc tu r e s  of the 

51 * compound nucleus formed ( V) , This nucleus subsequently decays and 

51 
protons and/or gamma rays  a r e  emitted, leaving V i n  t h e  ground s t a t e ,  

51 * 
When neutrons i n t e r a c t  w i t h  50~i, the  ( Ti)  compound nucleus is  

formed , 

The compound nucleus immediately de-excites by re leas ing prompt gamma 

rays .  The 51~i, now i n  the  ground s t a t e ,  be ta  decays i n t o  5 1 ~  with a 

hal f  l i f e  of 5.80 minutes. I n  t h i s  beta  decay process gamma rays a r e  

a l s o  emitted. 

The gamma ray environment i n  a space vehic le  with some components 

containing ' O T ~  w i l l  p r imar i ly  be determined by the  proton in te rac t ion  

(1) with the  t i tanium s ince  the primary cosmic rays a r e  mainly protons , 



Secondary neutrons a r e  produced by t h e  i n t e r a c t i o n  of t h e  protons wi th  

ma t t e r .  These neutrons undergo e l a s t i c  and i n e l a s t i c  c o l l i s i o n s  and 

a r e  then  captured. 

T h i s  r e p o r t  conta ins  information on t h e  neutron a c t i v a t i o n  of 5 0 ~ i  a s  

w e l l  a s  t h e  proton i n t e r a c t i o n  w i t h  t i tan ium,  The neutron a c t i v a t i o n  has 

most r e c e n t l y  been s tud ied  by Robinson e t  a l ,  (2) i n  1963, There were 

t h r e e  g m a  rays  which followed t h e  b e t a  decay of 5%i i n t o  51~ .  The 

51~i was formed by the neutron a c t i v a t i o n  of 50~i, Three gamma rays  

w e r e  found wi th  ene rg ies  of 0.319, 0.613 and 0,934 MeV, The r e l a t i v e  

i n t e n s i t i e s  of these gamma rays  a r e  100, 1.6 and 5.8 r e spec t ive ly .  

Prompt gammas a r e  a s soc ia t ed  w i t h  t h i s  neutron cap tu re  process bu t  w e r e  

n o t  i n v e s t i g a t e d  .. 

The 5 0 ~ i ( ~ , ~  l y )  r e a c t i o n  was s t u d i e d  by Gray e t  a1. ( 3 ) ,  They 

s t u d i e d  this r e a c t i o n  a t  incoming proton  energies  of 18,2 M e V  and 11,5 MeV, 

Most of t h e i r  work was concerned w i t h  the outgoing e l a s t i c a l l y  s c a t t e r e d  

protons ,  however, r a t h e r  than the  gamma rays ,  Most of the gamma rays  

emi t ted  a r e  i n  t h e  low MeV region (< - 3 MeV). The 5 0 ~ i ( ~ , ~ t y )  r e a c t i o n  

was s t u d i e d  a t  an energy of 7 MeV by ~ e l o t e ' ~ )  et  a l .  

Pro ton  f l u x e s  ranging from l o 3  e V  t o  200 MeV have been inves t iga ted  (5 1 

in t h e  magnetic f i e l d  of t h e  e a r t h .  These p a r t i c l e s  a r e  a l s o  trapped i n  

t h e  magnetic f i e l d  of Jup i t e r  a s  w e l l  a s  t h e  e a r t h ,  Secondary p a r t i c l e s  

o r i g i n a t e  when t h e  protons i n t e r a c t  wi th  t h e  n i t rogen  and oxygen i n  

t h e  e a r t h ' s  atmosphere o r  wi th  o t h e r  m a t e r i a l ,  

The Capture of Neutrons by 50~i.  

Since  neutrons may be a  cons tant  environment i n  space due t o  var ious  

types  of r eac t ions  of protons wi th  m a t e r i a l  producing neutrons,  a  s tudy of 

t h e  cap tu re  of t h e  neutrons by 5 0 ~ i  was undertaken. 



The 50~i  ~ m p l e  was i n s e r t e d  i n t o  t h e  V P I  r e a c t o r  by means of a 

pneumatic t r a n s f e r  system, The t r a n s i t  t ime from the r e a c t o r  t o  t h e  

counting f a c i l i t i e s  was about  5 seconds,  The gamma ray  spectrum due 

t o  t h e  b e t a  decay of 51~i w a s  t hen  i n v e s t i g a t e d  by means of a 4 cm 
3 

Ge(Li) d e t e c t o r  a s  w e l l  a s  a NaI(T1) c r y s t a l .  F igure  1 is t h e  gamma 

r a y  spectrum from t h e  Ge(Li) d e t e c t o r .  Only t h r e e  gamma rays  a r e  

observable ,  the 0,320, 0,613 and 0.933 MeV, The decay is  such  that 

t h e  0.320 and t h e  0,613 were i n  coincidence adding t o  g i v e  0,933 MeV, 

There was, i n  a d d i t i o n ,  t h e  c r o s s  over t r a n s i t i o n  of 0,933 MeV,  

R e l a t i v e  i n t e n s i t y  measurements were performed and our  r e s u l t s  

as w e l l  as those  ob ta ined  by Robinson et a1,c2) are compared i n  Table 

I. The d e t e c t o r  used i n  t h e  i n v e s t i g a t i o n  of t h e  relative i n t e n s i t i e s  

was a 3" x 3" NaI d e t e c t o r  i n  a l e a d  s h i e l d  t o  reduce background t o  a 

minimum. 

Table  I 

Relative I n t e n s i t i e s  of 51~i Gamma Rays 

Energy (MeV) R e l a t i v e  I n t e n s i t y  
(This Work) 

3.75 - + 0.4 

5.8 + 0.6 8 , 8 .  - + 0.8 

The abso rp t ion  c r o s s  s e c t i o n  of 5 0 ~ i  f o r  neutrons of 0.025 eV was 

1). l 4bc6 ) .  The secondary neut rons  impinging on 5 0 ~ i  could thus be a 

s i g n i f i c a n t  sou rce  of r a d i a t i o n  due t o  the  gamma rays  fol lowing t h e i r  

capture. 



Proton 5 0 ~ i  I n t e r a c t i o n s  

The V,P,L. Van de  Graaff acce le ra to r  has an energy range of 4 MeV,  

A titanium-50 t a r g e t  on a bismuth backing was placed in the  beam tube of 

t h e  acce le ra to r .  The proton beam was allowed t o  impinge on t h e  t a r g e t  

and t h e  gamma rays  w e r e  de tec ted  as  func t ion  of energy. Since t h e  y rays  

could be  a t t enua ted  by going through the  bismuth backing, t h e  NaI(T1) 

d e t e c t o r  was placed a t  a forward angle of about 45' w i t h  respect  t o  the 

beam. 

The gamma r a y  energy spectrum w a s  taken w i t h  t h e  proton beam a t  

1.5 MeV, 2.25 M e V  and 3.0 MeV. The bismuth backing was then r o t a t e d  

180' i n  t h e  s c a t t e r i n g  chamber of t h e  Van d e  Graaff acce le ra to r  and the 

background gamma r a y  spectrum was taken a t  these  same t h r e e  proton 

energ ies ,  F igure  2 shows t h e  d i f fe rence  gamma ray  spectrum f o r  the 1,5 

MeV incoming proton beam case,  The gamma ray  energy spectrum reached 

about 8.5 MeV f o r  t h e  1.5 MeV incoming proton beam energy and about 10  MeV 

y r ay  energy f o r  t h e  3 MeV incoming proton energy, 

F igure  2 i n d i c a t e s  t h e r e  was some s t r u c t u r e  in the  gamma ray  

5 1  * spectrum. This s t r u c t u r e  was due t o  the f a c t  t h a t  a s  t h e  ( Ti )  nucleus 

de-excited, gamma rays  were emitted which were charac ter ized  by the  

d i f f e r e n c e  of two nuclear  energy l e v e l s .  

CONCLUSIONS 

The prompt gamma rays  t h a t  were emit ted following proton capture  

would p resen t  a very  r e a l  hazard t o  people i n  capsules composed of t i tanium 

i f  t h e  proton f l u x  w e r e  s i g n i f i c a n t ,  The same energy gamma rays would 

a l s o  be expected from the  capture  of neutrons.  The energies  of the  gamma 

rays  following t h e  b e t a  decay of t h e  r ad ioac t ive  n u c l e i w e r e  always 



much less in energy than  t h e  prompt gamma rays .  

The dose r a t e  was p ropor t iona l  t o  t h e  energy of the gamma rays ,  

This  means t h a t  h i g h  energy gamma rays  which were absorbed by a person 

a r e  more damaging than  low energy gamma r ays .  There w e r e ,  however, 

o t h e r  f a c t o r s  t o  b e  considered,  The h igher  energy gamma ray had 

less p r o b a b i l i t y  of being absorbed. F o s t e r  and show t h a t  

t h e  abso rp t ion  c o e f f i c i e n t  f o r  gamma rays  i n  t i s s u e  reached a peak a t  

about  0 .6  MeV and then  decreased on up t o  beyond 10  MeV. So low 

energy (- 1 MeV) gamma rays  do n o t  cause as much b i o l o g i c a l  damage b u t  

t h e r e  abso rp t ion  p r o b a b i l i t y  was g r e a t e r  than  h ighe r  energy gamma r a y s ,  

The experiment i n d i c a t e s  t h a t  i t  would be t h e  prompt gamma rays  

which would b e  troublesome f o r  space  t r a v e l ,  They arise from b o t h  t h e  

(P,y) and (n,y) r e a c t i o n s  on t i t an ium,  
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S t r e n ~ t h e n i n g  of g lass  by introducing a second immiscib le  

phase was inves t iga ted  u s i n s  a por t ion  of the ternarv system Ei02, 

LiZC), and Ti02. The major por t ion  of the work was confined t o  c o w  

pos i t ions  taken a l o n ~  the  70 v~ei*t percent  Si02 i sop le th .  Yodulus 

of rupture  (bending) and e l a s t i c i t y  da ta  i n d i c a t e  t h a t  s t rengt3ening 

increases  a s  the  Ti02 content  is  increased beginning with composition 

"c" (a miscible glass) , which yie lded an average modulus of rupture 

s t r eng th  of 20,9il0 poi. A marked increase  was recorded as c o ~ o s i t i o n s  

were formed i n s i d e  the  i m i s c i b i l i t g  region and continued u n t i l  a 

maxiwn of 34,600 p s i  1aas a t t a i n e d  ~ r i t h  a Ti0 content  of approxi- 
2 

mately 15 weight percent .  A t  t h i s  po in t ,  nuclea t ion could no longer 

be control led  and c r y s t a l l i z a t i o n  becace predominant 20 weight 

percent  Ti02 was used. The modulus of rupture  (bending) of t h i s  

c r y s t a l l i z e d  cortposition decreased rapidly ,  y ie ld ing  an averace 

s t r e n ~ t h  of 26,830 p s i .  
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Ternasy s i l i c a - r i e k  g lasses  a r e  extremely a t t r a c t i v e  f o r  

s t r u c t u r a l  appl ica t ions  i n  the  i n d u s t r i a l  cornunity and p a r t i c u l a r l y  

the aerospace indust ry .  The s i l i c a - r i c h  compositions have very la? 

thermal expans ion (approxinately 5.7 x 10-lper O C) and outs  t andine 

thermal shoc!c r e s i s t a n c e  conpared with o ther  :lass compositions. Other 

a t t r i b u t e s  a r e  t h e i r  p o t e n t i a l  h ich  s t reng th - to -ve i~h t  r a t i o ,  hi@ 

s o f t e n i n g  t e q e r a t u r e ,  and exce l l en t  r e s i s t ance  t o  chenical  a t tack.  

The major shortcoxring of s i l i c a - r i c h  g lasses  i s  t h e i r  

b r i t t l e n e s s .  I n  con t ras t  t o  most metals ,  t h e  s u r f a c e  condition of 

g l a s s  is  very c r i t i c a l .  Pay t y ~ e  of  rupture (scratch) on the  su r face  

of a g l a s s  t r i l l  act as a s t r e s s  r i s e r  and p o t e n t i a l  s i te  f o r  f r a c t u r e  

i n i t i a t i o n .  

BIurnerous inves t iga t ions  have been conducted and o t h e r s  a r e  

nm7 i n  progress t o  f i n d  ways t o  increase  the s t r eng th  of g lass  by de- 

s i p i n g  im abras ive  r e s i s t a n t  surface .  Another zpproach t o  t h i s  

problem i s  t o  prevent propacation of f r a c t u r e  throughout a bulk g lass  

body by incorpora t ing a second pllaqe such a s  t h a t  of fsbeddinp f i b e r s  

i n  a g lass  Eat r ix .  This approach has met with l i n i t e d  success,  because 

of t h e  d i f f i c u l t y  of p r o d u c i n ~  s t rong  bonds between the  phases and 

noreover, i t  only cilanges t h e  propagation d i r e c t i o n  t o  t h a t  of the 

d i r e c t i o n  of the long dimension of the fibers. 



Ik thods  of s treneehenine g l a s s - c q s t a l  c o w o s i t e s  have been a 

con t rovers ia l  s u b j e c t  s i n c e  t h e  discovery of f i n e l y  dispersed r ~ i c r o -  

c r y s t a l l i n e  bodies i n  a g lass  matrix. The te&nique of embedding 

p a r t i c l e s  of h igher  expansion i n t o  a matr ix  of lmler  expansion, which 

pu t s  t h e  g lass  i n  compression, has been used f o r  most of t h e  previous 

inves t iga t ions .  I n  c o n t r a s t  t o  t h i s ,  is t h a t  of i m i s c f o i l i t y  s trength- 

ening ~ ~ ~ h i c h  c o n s i s t s  of d i spe rs ing  a l i q u i d  phase s i t h i n  a l i q u i d  phase. 

The dispersed phase is  i n  the  form of s p h e r i c a l  l i q u i d  d rop le t s  t h a t  

are expected t o  e f f e c t i v e l y  a c t  a s  a  void i n  t h e  u a t r i x  t o  supress  crack 

f r o n t  propagation. A model was proposed by Ohlberg, Golob and Hollabaugh 
3 

phic5 r e l a t e s  very c lose ly  t o  t h i s  type of exper inenta l  approech. There- 

fo re ,  the  fol lowing ti.?o approaches were considered f o r  t h i s  s tudy . 
Qne consis ted  of mixing b.70 g l a s s  cornpositions together  i n  t h e  

molten s t a t e  which, i n  most cases, troulcl eventually form a homogeneous 

g lass .  Hawever, i f  the  0 7 0  were no t  t-re11 mixed, they would r e t a i n  regions 

of d i f f e r e n t  compositions upon cooling. If the k i n e t i c s  of c r y s t a l l i z a -  

t i o n  are considerably d i f f e r e n t ,  o r  i f  a c l a s s i c a l  nuclea t ing agent such 

as Ti02 i s  incorporated i n t o  one of t h e  g lasses ,  i t  then becomes poss ib le  

t o  s e l e c t i v e l y  f o r n  a f i n e  n i c r o c r y s t a l l i n e  phase dispersed i n  t h a t  of 

the  o t h e r  phase, which then becones a glass-ceramic composite. Thus, 

s t rengthening r e s u l t s  when c r y s t a l l i n e  gra ins  of high s t r e n ~ t h  and modulus 

of elasticity are introduced i n t o  a g lass  of s i m i l a r  o r  s l i ~ h t l y  lo17er 

thema% expansam, 



The o t h e r  approach which was used in t h i s  study was t o  take 

advantage of the  l i q u i d  i m i s c i b i l i t y  reeion of the Si02-rich system 

containing Li20 and TiOZ A s e r i e s  of co~lposi t ions  were se lec ted  f o r  

i n v e s t i g a t i o n  a t  p o i n t s  i n s i d e ,  ou t s ide  and on the  boundary l i n e  i t s e l f  

of tile immiscible region. The s i l i c a  content  rJas 3 e l d  constant  crhile 

the  r a t i o  of Li20  t o  Ti02 was varied.  ThLs s i l i c a - r i c h  region was 

s e l e c t e d  because t51e s y s t e n  ~ r o u l d  not  y i e l d  a c l e a r  g lass  1:rhen Dore than 

approxinately 5 t o  10 percent  TiOZ was dissolved i n  t h e  m e l t .  The solu-  

b i l i t y  of Ti02.decreased rap id ly  as the Li20 was decreased and the  SiOZ 

increased.  I lucleat ion could n o t  be control led  i n  cor.positions containing 

less than 73 pe rcen t  S i 0 2  and l a r g e r  percents  of TiOZ, s i n c e  c r y s t a l l i z a -  

t i o n  r e s u l t e d  immediately upon cooling the n e l t .  Althoug5 both approaches 

were pursued o r i g i n a l l y ,  i t  becornes i n c r e a s i n ~ l y  evident  t h a t  the i rmis i -  

b i l i t y  approach h e l d  the  most promise, becsuse i t  e l i a i n a t e d  such 

v a r i a b l e s  a s  de te rn in ing  the degree of n ix ing of the separa te  c l a s s  phases 

and more important ,  the  complexity of processin:: test svnples lras 

considerably reduced. 



Some of the  e a r l i e s t  work r e l a t e d  t o  microcrys ta l l ine  bodies 

dispersed i n  a glassy phase irns reported by stookeyl i n  1957. i i i s  pioneer 

wor!~ i n  the  f i e l d  h a s  s ince  s t imula ted  ~?ar~y inves t i ca t ions  on nucleat ion 

i n  g l a s s ,  such a s  t h a t  of I-burex, Vozel, Gesth, and Ohlberg. !:in and 

2 i iumel  compiled considerable d a t a  on net7 t e rna ry  compounds, l i q u i d  Lmis- 

c i b i l i t y ,  and compat ib i l i ty  t r i a n g l e s  as a r e s u l t  of t h e i r  vork on t h e  

phase equil ibrium r e l a t i o n s  of the  system Li20-Ti02-Si02. They reported 

t h a t  the l i q u i d  immiscibi l i ty  o r i g i n a t i n g  in  the  binary system Si02-Ti02 

e x t e n d s  over a ' s u b s t a n t i a l  por t ion  of t h e  ternary  system. This l ed  t o  the  

cons t r u c r i o n  of a diagram ou t l in fng  the  txo-l iquid immiscibi l i ty  recion 

of t h e  system. It :ras f u r t h e r  reported t h a t  a l l  conpositions se lec ted  

i n  t h e  trro-liquid region ve re  observed t o  b e  t r ans luc ien t ,  milky o r  op t i -  

c a l l y  dense and opaque, due t o  phase separa t ion vhich i n  nos t  cases could 

only be i d e n t i f i e d  wi th  the  a i d  of an e lec t ron  microscope. 

Some of t h e  f i r s t  s t u d i e s  of f r a c t u r e  surfaces  of g lass  r e l a t e d  

to  supression of crack f r o n t  propagation by l iquid-in-l iquid c o l l o i d a l  

i d s c f b i l i t y  was reported by O h l b e r ~ ,  Golob, and iiollabauch . 3  With t h e  

use  of an e l e c t r o n  n i c r o s c o ~ e ,  they observed t a i l - l i k e  s t r u c t u r e s  ema- 

n a t i n g  from the d ispersed phase t o  be r e l a t e d  t o  the crack f r o n t  

propagation. From t h i s ,  they d e s i p ~ e d  a =ode1 i l l u s t r a t i n g  propagation 

of the  f r o n t  i n  an immiscible system. Vhen the  f r o n t  reaches one of t h e  

dispersed d r o p l e t s ,  t h a t  drople t  acts as a void and s p l i t s  the  o r i g i n a l  

craclc f r o n t  i n t o  tvio new eraclc f r o n t s .  A s  t h e  tvro f ron t s  approach each 

other after goin=; around t!le drop le t s ,  they a r e  i n  d i f f e r e n t  planes and 



must curve t m ~ a r d  eac! o ther  i n  order t o  recombine. Tile r a i l  ef f e c t ,  

previously described,  i s  a r e s u l t  of t!~e nonplanari tv of the O?o f r o n t s  

when they recombine. The t a i l  e f f e c t  should no t  be i n t e r p r e t e d  a s  a con- 

t inua t ion  and n e i t h e r  as  a crack i n  t h e  i m i s c i 3 l e  phase; hovever, i t  is 

a masure of a d i f fe rence  i n  l e v e l  on the  f r a c t u r e  surface .  

4 ;lacik,v~ell and Lieall s tud ied  ne t a s  t a b l e  glass-in-glass senara t ion 

i n  the  A1203-Si32 system, using e l e c t r o n  ~ i c r o s c o p e  and x-ray d i f f r a c t i o n  

techniques. They repor ted  the follcrling: 

1. Phase separa t ion  is  the  e s s e n t i a l  cause of 

nuc lea t ion  of the  dispersed phase. 

2. The tendency t o  vard  c r y s t a l l i z a t i o n  of the  

d ispersed l i q u i d  r>hase increased v i t h  (a) increas ing 

U203  concentrat ions i n  the  mel ts ,  and (b) decreasing 

cooling rate. 

3. C r y s t a l l i z a t i o n  on cooling and enulsion fornat ion 

were both  reduced o r  inhilvited i n  i n t e m e d i e t e  and 

high-alunina compositions Sv the  addi t ion  of 

rnodif ying oxides (a lka l ine  e a r t h ' s )  . 
Sone of t h e  l a t e s t  trorlc on s t r e n ~ t h e n i n y ,  of g lass-crys ta l  com?osites 

w a s  reported by ~umua3.a~ and Friedberg taken f ron t h e i r  i n v e s t i ~ a t i o n  on 

glass-Zr0 conposites.  They discussed the  b . 7 0  sc3ools of thou$~t  as  t o  t h e  2 

e f f e c t  of c r y s t a l s  on the  s t r e n ~ t h  of tkese  co~.-posites. One method -1as 

t h a t  of enbedding c r y s t a l l i n e  p a r t i c l e s  of h izher  e q a n s i o n  i n  a continuous 

$fzss ~ a t r i x  of l07cr Bxpmsion xrhich ~ ? o u l d  put  tile glass  i n  conpression 

and increase i t s  s ( r r e n ~ t 5 ~  T h i s  53s corne to be 1:ncr.n as t21e preseress 



theory. The other  theory s t a t e s  that  vhen c rys t a l l i ne  grains of l l i ~ l l  

s t rength and e l a s  t i c i t y  a re  introduced i n t o  a xlass of s i z i l a r  expansion, 

the s t rength and modulus of e l a s t i c i t v  are  increased. The objective of 

t h e i r  invest izat ion *:?as t o  determine 5 m ~  the  shape of dispersed pa r t i c l e s  

influenced s t r e n ~ t h  . Their f i n d i n ~ s  supported the ?rest ress  theory  hen 

rounded pa r t i c l e s  vere used i n  the cogposites vhic'rl indicated tha t  there  

is a subs t an t i a l  e f f e c t  of r ra in  sha?e on strength.  



111. MATERIALS AHD APPAYATUS 

A. Chemicals and composition preparat ion:  

A l l  compositions i n  the Li20 * Tia2* SiO system were prepared from 2 

carbonates and oxides of the  var ious  conponents . 
Bas ic  composition mate r i a l s  - 
1.Lithium carbonate, Li2CQ3, n ~ a n u f a c t u r i n ~  grade,  Foote Cher ica l  Company, 

2. Titanium oxide,  Ti02, hi* grade, Tam !:inera1 Company, lZ!.!l. 79.90. 

3. Pot ter ' s .  F l i n t ,  Si02,  commercial grade, Pennsylvania Glass Sand 

Company, M.!r'. 60.06. 

Batch mate r i a l s  were treighed to  an accuracy of 0.5 g r a r s  i n  b a t &  

s i z e s  of 500 gram. !!ixing of the  ma te r i a l s  was acconplished by a 

t t  rt- V s h e l l  b l ender  wi th  a s tandard  n ix ing  time set a t  hours '  for 

each batch .  A£ ter mixing was completed, each composition was placed 

i n  a f i r e  c lay  c ruc ib le  and p r e ~ a r e d  f o r  melting. 

3.  process in^ Apparatus: 

1. l k l t i n l  of t h e  Satch  compositions 1:as  accomplished by the  

use  of a l a r g e  Glo-bar furnace (Yox-type) which vas c a ~ a b l e  

of opera t ing  a t  t e q e r a t u r e s  un t o  1425OC. I fe l t ine  temperatures 

tmre  s tandardizec! a t  1315OC f o r  a l l  compositions. 

2. A small annealing furnace was used t o  hea t  t3e  graphi te  mold 

fo r  casting the g lass  rods.  The mold teniperature f o r  c a s t i n g  

was etandardized  a t  4 0 3 O C  f o r  a l l  compositions. 



3. A graphi te  mold rras constructed t o  f a c i l i t a t e  cas t ing  of 

rod type specicens,  Six  c a s t i n g  c a v i t i e s  were incorporated 

i n  the  mold with the  f o l l o ~ r i n g  approximate dimensions: 

cavi ty  diarrleter, 0.5 inches,  length 5 .$ inches. 

C. Tes t ing Apparatus : 

?!odulus of rupture  (bending) and e l a s t i c i t y  d a t a  was acc i l~u la ted  by 

t e s t i n g  the  g lass  rods hor izon ta l ly  using the  th ree  point  loading 

technique. The apparatus used was a Tinius Olsen tension t e s  t i n ?  

machine adapted with a three-point loading f i x t u r e .  A d i a l  gauze was 

a t tached t o  t h e  loading f i x t u r e  t o  measure the  de f lec t ion  of t h e  rod. 

D. Data Processing: 

1. llodulus of rupture  (bending) 

A l l  modulus of rupture d a t a  were acquired using the  f o l l o ~ ~ i n y ,  

procedure : 

a) Ten d i a r ~ e t e r  measurements ?rere taken on each rod i n  a 

systena. t ic  ~nanner and averased t o  cet a renresen ta t ive  

diameter. 

b) '3istance Setween h i f e  edges on test f i x t u r e  vas 3 inches. 

c) The ~;odulus of rupture  vas  then ca lcula ted  f o r  each specinen 

usinn the formula: 

d) F ina l ly ,  the d a t a  of the  10 sneciaens were averazed t o  ~ i v e  

the  renresen ta t ive  12odulus of rupture d a t a  recorded 5-n YaLle 11, 



A l l  modulus of e l a s t i c i t y  d a t a  were acquired using t h e  follow in^ 

procedure : 

a) Flexure readings were taken a t  each 103 pound i n t e r v a l  as  t h e  

load was applied d u r i n ~  t e s t i n g .  

b) Data of approximately four  rods ve re  s e l e c t e d  t o  represent  each 

conposit ion,  and tSe nodulus of e l e s t i c i t y  vas  ca lcu la ted  a t  

each 103 pound i n t e r v a l  f o r  t h a t  rod. The e l a s t i c i t y  i n t e w a l s  

were averaged and f i n a l l y  a grand average was ca lcu la ted  f o r  

the  t o t a l  composition using t h e  average e l a s t i c i t y  of each of 

the  ind iv idua l  rods. 

c) It should be noted t h a t  an average rod diameter was used t o  

conpute the modulus of e l a s  t i c i t y  t h a t  renresents  each composition. 

d) The modulus of e l a s t i c i t y  was ca lcula ted  using the  following 

%?here Vmax represents  naxi:~um def lec t ion  of the  rod. 

e) The grand average t h a t  represents  eac5 c o q o s i t i o n  i s  reported 

i n  TaSle 11. 



A. Conpositian "C" , 70 Si02* 25 Li10 * 5 Ti02 (Table I) 

This composition was s e l e c t e d  f i r s t  , because i t  e x i s t e d  crlell ou t s ide  

of the  i ~ s c i b i l f t y  boundarv. I t  .ras e q e c t e d  t o  y i e l d  a c l e a r  

misc ible  g lass  vhieh could S e  used t o  e s t a b l i s h  a con t ro l  s tandard.  

Its p o s i t i o n  on t h e  ternary diacram is i l l u s t r a t e d  i n  Graph I. 

The rat,? batch was z e l t e d  at 2 temperature of 1315'C, and he ld  the re  f o r  

one hour t o  i n s u r e  f i n i n g  of the  m e l t  a£ t e r  trhich 10 rods were c a s t  i n  

order  to obtain a represen ta t ive  sauple. :fodulus of rupture (bending) 

and e l a s t i c i t y  d a t a  based on the  averaze of t5e sample is  reported i n  

Table 11. It should be noted t h a t  t h i s  c o q o s i t i o n  yielded a c l e a r  

g lass  a s  expected, mcl the  rcodulus of rupture s t r eng th  averaged 20,900 

p s i  vhich .?as vrithin the parameters of t l iat  of a typ ica l  s i l i c a - r i c h  

miscible  g lass  . 
B. Composition "G", 70 Si02- 20 Li23 10 TiOZ (Table I) 

This composition was second i n  t h e  SiO i s o p l e t l  sequence s e r i e s .  Upoh 
2 

observing the 10 rods c a s t  from t33.s ~ e l t ,  i t  tc7as o5vious t h a t  t h e r e  

paas sot?e dev ie t ion  f r o n  a t rans9arent  mediu2. Althouzh i t  r7as s t i l l  

very transparent;, a f a i n t  d e r  cloudiness :ias observed. This compo- 

s i t i o n  ap?eared to be  very c l o s e  t o  the i r n i s c i b i l i t y  Soundary l i n e ,  

i f  n o t  d i r e c t l y  on i t ,  vhich Is i l l u s t r a t e d  i n  Graph I. llodulus of 

rup tu re  data reported i n  TaSle 11 shmred a 50 9ercent increase  over 

t h a t  of cotnposition "c", ind ica t ing  that. s01-e i ~ m i s c i b i l i t y  Ylas present .  

Tnis 5s also re in fo rced  by the o5served a d ~ e r :  color t:?ll.ch ind ica ted  t h a t  

sone n u c l e i  riere presen t  i n  one OF LIe imr i sc ib le  phases. 



C. Conposition "E", 70 SiOZ * 15 LiZO * 1 5  Ticl (Table .l[) 

This composition i s  posi t ioned veil wi thin  the  i r ~ ~ L s c i b i l i t y  r e ~ i o n  

and has sho~~rn nore promise than an57 of the  o ther  compositions i n  the  

series. It exhibi ted  the h ighes t  modulus of rupture  s t r e n g t h  (ave. 

3'4,600 p s i )  :rith one indivrdual  rod a s  high 69,000 psi) and e l a s t i c i t y  

data of a l l  the  compositions i n v e s t i f a t e d ,  even those v i t h  l a r c e  Ti02 

concentrat ions.  :lost of the  samples revealed a deep amber appearance 

which indica ted  t h a t  a cons ide ra j l e  mount  of n u c l e i  had formed i n  one 

of the  imisc i?3  le phases. This ap?earance cor re la tes  well t r i th  the  

theory t h a t  nuc le ia t ion  present  i n  one of tile phases promotes s trencth- 

enin& of the  conposite. 

D. Composition "F", 70 Sig2* 13 Li23 1 7  TiOp (Table I) 

In  con t ras t  t o  a l l  the  o the rs ,  t h i s  composition :7as the  f i r s t  t o  show 

a hi3h degree 05 c r y s t a l l i z a t i o n  and separa t ion  of t h e  trro phases 

causing it t o  5e opalescent  and opaque i n  appearance. Otrenzth d a t a  

decreased s i g n i f i c a n t l y  f o r  t h i s  c o q o s i  t ion  v~hic'il i n d i c a t e s  t h a t  too 

nuch c r y s t a l l i z a t i o n  of one of the  yhases i s  det r imenta l  t o  the  pre- 

s t r e s s  mechanism of s t rengthening $lass-ceramic composites . 
E. Cor?position "~-2" ,  70 Si02* 13 Li20 * 20 Ti02 

Another v a r i a t i o n  of compositfon 'IF" containing 3 percent  more Tiq2 

was inves t igated .  It vas very d i f f i c u l t  t o  c a s t  rods f ror! t h i s  c o q o -  

s i c i o n  because the  reac t ion  of S i O l  i n  d i s s o l v i n ~  the  TicZ i n t o  the  

melt was very s l u ~ ~ i s h .  Purther~:ore, tr!len a f e ~ r  rods were finally c a s t ,  

erys t a l l i  za t ion TPas exkrer?.ely d l f  f i c u l t  to c o n t r o l ,  



S M 2  L i 2 0  T i 0 2  

Composition Wt. % !!t. % - ?lt. X 

TABLE 11. P?OPEP=IIIES '(7s COi.IPr)SITIOi?S 

Casting T e q ;  ?",old Tenp.  Mod. o f '  F.up. 1bd. of Elas.  
Conposition - O C O C  p s i  p s i  Appear 

* 

C 1315 400 20964 3.01 x 13 clear 

E 1315 400 34665 4 x 10 G Pmb er 

n 403 29771 6 
i' 1315 3.07 x 10 Opalescent 

G 1315 403 26056 2.89 x lo6  it. Arlber 
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Glass formation and c r y s t a l l i z a t i o n  cor re la ted  1 r i t 2 1  modulus of 

rupture  (bending) d a t a  vrere determined f o r  severa l  compositions alone the 

70 percent  Si02 i sop le th .  The following conclusions were made: 

The i d s  c i b i l i  t y  boundary l i n e  vas con£ irmed 

a t  a po in t  on the  ternary d iayran near  composition 

"G" which is  reported i n  Table I. 

The .observed an&er co lo r  is probably an ind ica t ion  t h a t  

n u c l e i  are being formed as a r e s u l t  of phase separat ion.  

The c l a s s i c a l  mechanisn of nuclea t ion and zrovth appears t o  

be  opera t ive  during a.30 yhase separa t ion i n  t h e  70 percent  

S$O i s o p l e t h  along the  region of 10 t o  20 percent  Ti02 con- 
1. 2 
cen t ra t ions .  Any f u r t h r  increase  i n  Ti02 concentrat ion 

promotes uncontrolled c r y s t a l l i z a t i o n .  

4. Strengthening of t5e glass-ceranic composite reaches a 

rnaximn a t  a po in t  on o r  nea r  composition "E" a s  compositions 

are inves t iga ted ,  s t a r t i n g  a t  conposition "C" from the  l e f t  

and novinc throuc5 "EE" t o  t b a t  of "F". 

The authors 'c.rLs11 t o  express t h e i r  appreciat ion t o  ?.obert Frankson 

f o r  some exploratory ~ ~ o r k  vhich l e d  t o  t h e  s e l e c t i o n  of the  compositions 

examined i n  ktis inves t iga t ion .  



VZT, ANTICIPATED FUTURE fYOW 

Further  s tudy on these immiscib.:?~. systems is  necessary i n  order  

t o  charac te r i ze  c e r t a i n  behavior of t h e i r  p roper t i e s .  Some of the  areas 

t o  be inves t iga ted  are a s  follorrs: 

1. Other conposit ions along the  70 percent  S i 0 2  i sop le th  

should b e  inves t igated  , espec ia l ly  those nea r  composition 

I t  ( I  E to  determine the  exact  one t h a t  produces optimum 

styength. 

2. Heat t r e a t i n g  s t u d i e s  should be  conducted t o  determine the 

e f f e c t  of tenpera ture  on t h e  s t r e n g t h  of the  various 

compositions . 
3. Elect ron micrographs should be prepared t o  study f r a c t u r e  

c h a r a c t e r i s  t i c s  supported by e l e c t r o n  probe ana lys i s  t o  

give the  d i s t r i b u t i o n  of T i  and S i .  
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Introduction 

Work on the meteoroid cut-off is nearly complete. The main processes 

which affect cut-off have been investigated and only a couple of other 

processes remain to be looked into, primarily to present a complete picture. 

Figure 1 presents the Explorer and Pegasus penetration data along with 
(1) 

a best-fit parabola to this data. The parabola was required because 

the slopes defined by the Explorer and Pegasus data on log-log scales are 

different and there is no way to fit the data with a straight line. The 
- 6 

parabola indicates that the maximum penetration flux is about 7 x 10 
-2 -1 

m sec . Some supporting data for the existence of a maximum flux is 
(2) 

also shown in the Figure. The data came from the Ariel I1 satellite 

which has exposed the thinnest thicknesses thus far to the meteoroid 

environment. It is evident that the supposition of a maximum flux (and 

a minimum sized particle) has been somewhat strengthened by the Ariel I1 

penetration data. 

The following section presents descriptions of the processes 

considered thus far and also the two processes which still remain to be 

examined. The last section presents tentative conclusions reached thus 

far and the relationship of the present study with the hazard which 

meteoroids pose to manned spacecraft. 



A. Physica l  Processes Responsible f o r  Cut-Off 

- P~yc"in~-~<sbe;--Lsoz Ef fec t  ; 

One of xF.e mosx s t r i k i n g  e f f e c t s  from t h e  viewpoint of cosmology 

p r a i l c t e d  by th ss;iecicl theory  of  r e l a t i v i t y  is t h e  Poynting-Robertson 

E f f e c t .  Ei p a r t i c l e  i n  motion around t h e  sun w i l l  experience p ressure  from 
i 

t h e  s u n ' s  r a d i a t i o n  no t  only i n  t h e  r a d i a l  d i r e c t i o n  but  a l s o  t a n g e n t i a l l y  

aga ins t  t h e  p a r t i c l e t s  no t ion .  This  " t angen t i a l  drag" w i l l  cause t h e  
6 

i p a r t i c l e  t o  l o s e  angular  momentum and t o  eventual ly  s p i r a l  i n t o  t h e  sun. 
I 
I 

Using t h e  development given by ~ o b e r t s o n ( ~ ) ,  we can sketch  t h e  d e r i v a t i o n  
c 

o f  t h i s  e f f e c t ,  with t h e  expressed i n t e r e s t  of g e t t i n g  a  t y p i c a l  p a r t i c l e ' s  , 
1 

l i f e t i x e  i n  t h e  s o l a r  system. 

C0nsider .a  smal l ,  s p h e r i c a l  p a r t i c l e  of  r a d i u s  a ,  d e n s i t y  p ,  moving 
I 

I wit*: a  u n i t  four-veloci ty  up i n  t h e  system S ,  i n  which t h e  sun is ins tan-  
I 

taneously a t  r e s t .  I n  S ,  t h e  s u n ' s  r a d i a t i o n  f a l l i n g  on t h e  p a r t i c l e  can , 
I 
1 

be considered t o  be  a p lane-pa ra l l e l  wave with t h e  inc iden t  d i r e c t i o n  

defined by  he n u l l  four-vector  2'. The energy-momentum-stress t e n s o r  

can be -written a s  

w?,ere d  i s  The energy dens i ty  o f  t h e  r a d i a t i o n .  

Upon going t o  t h e  proper frame of t h e  p a r t i c l e ,  P ,  t h e  four-veloci ty  

of  t h e  p a r t i c l e  and t h e  d i r e c t i o n  of t h e  inc ident  r a d i a t i o n  a r e  given hy 

r e spec t ive ly .  We assume t h a t  t h e  p a r t i c l e  i s  i n  ihc~mo2ynzmic equilttrir;.; 



-a- - 
L..,,, .L.;, chr: n ; t c  a t  which ~ ; l e  rc td la t ion  is absorbed i s  eqilsl  t o  t h e  r a t e  

7 -  - . . 
,, ,.,.;C:I t h ~  p a r t i c l e  i s o t r o p i c a l l y  re -emi ts  r a d i a t i o n .  This  means t h a t  

x ~ s s  i s  inval-iant i n  P, o r  

where T is  t h e  p rope r  t ime.  Let  u s  denote  t h e  r a d i a t i o n  p r e s s u r e  by 

where o is  a purpose ly  ambiguous c r o s s - s e c t i o n  and 6 is t h e  energy d e n s i t y  

a 
of t h e  r a d i a t i o n  i n  t h e  system P. Th i s  f o r c e  a c t s  i n  t h e  d i r e c t i o n  v . 

P u t t i n g  (3 ) . and  (5) t o g e t h e r ,  we have 

dmv' - - - -  0 ' 
@ ( X ' - X V )  

dT hOc 

Going back t o  t h e  s u n ' s  r e s t  f r z n e ,  we f i n d  

1.I dmu - fw - - -  
d t  c 

(2" - wUP) 

where t7 = 2 
tauCL = X O )  6 = w d, and f = od which is t h e  f o r c e  which t h e  

p z r ~ l c l e  would exper ience  i f  it were st r e s t  i n  t h e  s u n ' s  system. The 

pPo2er x i z e  i s  t . 



T I _ .  c,c now tcke  t h e  low v e l o c i t y  approximation, 

This impl ies ,  

\$here v = v * n . The first t e r n  is now t h e  f o r c e  due t o  r a d i a t i o n  
a - -  

weakened by a Doppler f a c t o r .  The second term i s  t h e  so-ca l led  ' ' t angen t i a l  

drag" al though a drag a r i s e s  from both t h e  f i r s t  and second terms of  

equation ( 9 ) . 

Let S be t h e  s o l a r  cons tant  ( r a d i a t i o n  f a l l i n g  on a square centimerep 

norn-1 t o  t h e  s u n ' s  r a y s  a t  t h e  mean d i s t ance  b of t h e  e a r t h ) .  This  implies 

t h a t  

2 ASb - 2 . 5 ~ 1 0  
11 

sb2 mac d=-• f=-• a = - -  
2 >  2 '  m c  2 r a P c r  

I4o.x l e t  us  w r i t e  equation ( 9 )  i n  p o l a r  coordinates  ( r , ~ )  f o r  a p a r t i c l e  i n  

t h e  p lane  of  t h e  e c l p t i c .  
-. 

- 2 - - 2ar 1 d 2 *  _ _ - .  -- a6 
2 '  r d t  

( r  0 )  = - - 
r 

r 
r 

where p = yo - ac , po = GM. Fron t h e  second equation of (11) we f i n d  t t a r  

t h e  angular  momenxm per  u n i t  m i s s  decreases according t o  



The f i rs t  equation o f  (11) can be pu t  i n t o  t h e  form of an inhomogeneous 

B e s s s l ' s  equation v i a  t h e  t r ans fo rna t ions  

Equation (A.11) t h e n  becomes 

and Equation (A.12) i s  now 

The asynp to t i c  expansion of t h e  s o l u t i o n  of  (A.14) f o r  4 >> 1 is 

Upon expressing $z i n  terms of  r, we f i n d  

2  -1 2  
(A.17) r = a p  (4 + 8 + .  . . )  

which i n  t u r n  impl ies  t h a t  (A.15) becomes 

8ci 
2  '-' ' 

(A.18) 2adt + r ( l  + - + . . . ) d r  = 0 

I n t e g r a t i n g  t h i s  w e  f i n d  t h a t  



r;".;.-c t is iu yet i .5 ,  R and R i n  A U ,  and p > 0 ,  R > R1. Equation ( A .  19)  
1 

0. C holds as long a s  - < .99. Tor values of ap smal l  enough f o r  t h i s  i n e q u a l i t y  

-5 
t o  5s v i o l a t e d ,  t h e  r ad ius  i s  o f  t h e  order  of LO em., which is cozparable 

t o  r k e  wavelength of  r a d i a t i o n  which t h e  sun emits .  Thus t h e  c ross  s e c t i o n ,  

o ,  of t h e  p a r t i c l e  is  sub jec t  t o  quantum mechanical e f f e c t s .  When t h e  

radZation pressure  overcomes t h e  g r a v i t a t i o n a l  p u l l  of t h e  sun t h e  r a d i u s  of  

- 5 
t h e  2a rT ic le  must be < 10 cm. i n  order  f o r  t h e  p a r t i c l e  t o  be blown out  

of t h e  s o l a r  system. 

A s  a  simple nu~uer ica l  example, consider  an a s t e r o i d a l  p a r t i c l e  of  r a d i u s  

5.0 x crn . ,, d e n s i t y  3.5 gn/cc , l y ing  in' a  c i r c u l a r  o r b i t  i n  t h e  midst of  

t h e  a s t e r o i d  b e l t ,  % 3.0 AU. The time it takes  f o r  t h i s  p a r t i c l e  t o  f a l l  

7 
i n t o  t h e  sun, assuming t h a t  it doesn ' t  b o i l  completely away, i s  % 1 C  y e a r s ,  

which i s  com?aratively s h o r t  r e l a t i v e  t o  t h e  l i f e t i m e  of  t h e  s o l a r  system. 



B .  Cornminu-tion Process.  

The cornxinution o r  gr inding process examined was o r i g i n a l l y  inves t iga ted  

by ? l o t ~ o w s k ~ ( ~ )  arid more r e c e n t l y  by Dohnanyi (5 '657!  The main ideas  and 

equations of  t h e  comzinution process a r e  described below. The formulation 

deswibed  i s  t h e  on2 presented by Dohnanyi i n  t h e  t h r e e  r e fe rences  quoted 

above. 

Consider t h e  c o l l i s i o n  o f  two o b j e c t s  of mass M1 and M where M 
2 1 

< M2. 

The ve loc i ty  o f  c o l l i s i o n  i s  assumed t o  be s e v e r a l  k i lometers  p e r  second. 

Only two s i t u a t i o n s  w i l l  occur:  

1) I w i l l  c r e a t e  a c r a t e r  i n  M and des t roy i t s e l f  
1 2 

2) M1 w i l l  completely des t roy # and i t s e l f .  This w i l l  be r e f e r r e d  2 

t o  a s  a c a t a s t r o p h i c  c o l l i s i o n .  

For t h e  f irst  case  it was assurned t h a t  t h e  t o t a l  mass, Me, of t h e  d e b r i s  

is given by 

where v i s  t h e  v e l o c i t y  o f  i m p a t  and is measured i n  km/sec. The expression 

( 8 )  f o r  I' is  a rough fit' t o  exper inenta l  da ta  f o r  b a s a l t  t a r g e t s .  The mass 

range of ii: which can  be c a t a s t r o p h i c a l l y  d i s rup ted  by lSll is  given by 
2 

where 



The e j e c t a  produced during c o l l i s i o n  and c a t a s t r o p h i c  events  r i i l l  

have a  c e r t a i n  mass d i s t r i b u t i o n ,  and on t h e  average, it is taken a s  

where g(m;Ml,U2)dm is t h e  number of fragments of  mass between m and m t dm 

produced by t h e  c o l l i s i o n  o f  M1 with M 2 .  The mass of  t h e  b igges t  fragment, 

, i s  issumed t o  be  

(B.5) 14b = A Ml 

where A i s  approximately g iven by 

from experimental evidence!*) For c o l l i s i o n s  which M 2  s u r v i v e s ,  it must 

be t h a t  

(B.7) Me - - rb. g ( m ; ~ ~  ,M2)dm 

v 

where p is t h e  mass of t h e  smal l e s t  fragnent  produced by t h e  c o l l i s i o n .  

Evaluat ing (B .7 ) given 

and f o r  c a t a s t r o p h i c  c o l l i s i o a s ,  t h e  i n t e g r a t i o n  y i e l d s  

The d i i i e r o n t i i l  equation of  t h e  c o l l i s i o n  process i s  next s e t  up. It 

is  given by 



Creation by 
Fragmentation 

where f ( m , t ) d n ' i s  t h e  number of p a r t i c l e s  p e r  volume i n  t h e  mass range dn. 

( 6 )  The var ious  terms were evaluated by Dohnanyi who attempted t o  f i n d  a 

"steady s t a t e i '  e q u a t i o n  f o r  t h e  process.  I n  a l a t e r  paper(7)  he shows t h a t  

i f  t h e  nuqber dens i ty  funct ion  f ( m , t )  i s  given by t h e  equation 

whew A i s  a func t ion  of  t i m e  and a i s  a cons tant  a t  t ime t ,  then  t h e  

d i s t r i b u t i o n  i s  uns table  f o r  a > 11/6 and w i l l  decay t o  a lower value o f  

a over  a s u f f i c i e n t l y  long t i m e .  He considers  t h e  problem of comet f r a p e n t s  

c o l l i d i n g  with a s t e r o i d s  and a s t e r o i d  fragments and concludes t h a t  such L A  

process would produce a meteoroid environment charac ter ized  by d i f f e r e n t  

va lues  of a (see  Eq. B . l l ) .  

Also i n  h i s  l a t e s t  paper,  ~ o h n a n ~ i ' ~  ) s t a t e s  t h a t  c o l l i s i o n  processes 

a r e  morc e f f i c i e n t  than r a d i a t i o n  damping i n  producing very small  p a r t i c l e s .  

S n a l l  p a r t i c l e s  a r e  produced by r a d i a t i o n  damping s i n c e  t h e  Toynting-Robertsoz 

c f f e c c  2 r ives  small  p a r r i c l e s  c l o s e  enough t o  t h e  sun t o  cause them t o  



evc7ora te  t o  t h e  poinr  where t h e y ' r e  smal l  enough t o  be blorin out  of  the 

s o l i r  sys t en  by r id i a - i i on  p r a s s u r e .  Thus what he env i s ions  a r e  p a r t i c l e s  

c o l l i - i n g  v i ~ h  one ano the r  f r e q u e n t l y  enough so  t h a t  t h e  p a r t i c l e s  blown 

OUT o f  t h e  s o l i r  sysren  a r e  smal l  as a r e s u l t  of  c o l l i s i o n  and not  beczuse 

they  evaporated near  t h e  sun. 
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The t e n t a t i v e  conclus ions  a r r i v e d  a t  t h u s  f a r  a r e  t h e  fo l lowing:  

1 )  P a r t i c l e  c o l l i s i o n  predominate a s  a means of  producing 

very  small p a r t i c l e s .  The Poynting-Robertson t a n g e n t i a l  d rag  has 

profound p h y s i c a l  imp l i ca t ions  bu t  is  i n s i g n i f i c a n t  f o r  c r e a t i n g  

sma l l  p a r t i c l e s  according t o  ~ o h n a n ~ i ' ~  ) . H e ,  however, d i d  not  

concern h imsel f  wi th  a t tempt ing  t o  c a l c u l a t e  a lower mass l i m i t  

f o r  meteoro ids .  
-. 

2) Eros ion  processes  t end  t o  produce a g r e a t  d e a l  o f  ve ry  

sma l l  p a r t i c l e s .  About t h e  only  convincing p roces s  found t o  d a t e  

which t e n d s  t o  impose a smal l  p a r t i c l e  l i m i t  seems t o  be r a d i a t i o n  

p r e s s u r e .  

The importance of  cu t -of f  t o  manned s p a c e c r a f t  i s  e s p e c i a l l y  

c r i t i c a l  i n  i n t e r p l a n e t a r y  space ,  The problem is  t h a t  very few measure- 

ments involv ing  meteoro ids  i n  i n t e r p l a n e t a r y  space  a r e  p o s s i b l e  from t h e  

e a r t h .  Knowledge o f  t h e  i n t e r p l a n e t a r y  meteoroid environment is  p r e s e n t l y  

obta ined  from on ly  two sou rces ;  obse rva t ions  of  zod iaca l  l i g h t  and obser -  

v a t i o n s  of t h e  a s t e r o i d s .  The e x i s t e n c e  of a lower l i m i t  on meteoroid s i z e  

i n  t h e  s o l a r  system would make t h e  zod iaca l  l i g h t  obse rva t ions  y i e l d  more 

informarion about  t h e  meteoroid ?opula t ion  f a r  from e a r t h .  S ince  it i s  

expected t h a t  f u t u r e  s p a c e c r a f t  w i l l  go through t h e  a s t e r o i d  b e l t s ,  such 

knowledge is  needed about  t h e  b e l t .  An improved e s t i m a t e  o f  t h e  danger i n  

t h e  a s t e r o i d  b e l t  cou ld  be obta ined  f ~ o m  co r rec t ed  zod iaca l  l i g h t  e s t i m a t e s ,  

c rush ing  t h e o ~ y ,  and  a s t e r o i d  b e l t  obse rva t ions .  

Knowledge of -the nea r -ea r th  meteoroid environment would a l s o  bi o b t a i ~ e d  

since d c f i n i t e  knowledge of t h e  meteoroid cu t -o f f  t ~ o u l d  he lp  g r e a t l y  i n  

i l i t  e r p r e c i n a  2cne t r az  ion  d a t a .  
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%. LIST OF SYMBOLS 

*j k 
s t r e s s  tensor  

k  
s t r a i n  t ensor  

Sjk 
s t r e s s  dev ia to r  tensor  

e  s t r a i n  dev ia to r  t ensor  
jk . 

u displacement vec to r  
j 

fo rc ing  func t ion  

6 Kronecker d e l t a  
jk 

P dens i ty  

t t i m e  

complex shear  modulus 

complex bulk modulus 

complex t e n s i l e  modulus 

v complex Poisson's  r a t i o  

G' , . ... r e a l  p a r t  of G ;  ... 
GI1, . . . imaginary p a r t  of G ,  ... 
G~ 

s t r e s s  r e l a x a t i o n  modulus i n  shear  

K~ 
stress r e l a x a t i o n  modulus i n  bulk 

g i n t e n s i t y  of the  r e l axa t ion  spectrum f o r  shear  

b i n t e n s i t y  of t h e  r e l axa t ion  spectrilm f o r  bulk 

P, Q ,  P ' ,  Q '  l i n e a r  time opera to r s  

. . 6 damping f a c t o r  

R e  means take  r e a l  p a r t  of 

I m  means take  imaginary pa r t  of 

r, 6, z r a d i a l ,  angular ,  and a x i a l  ' coordinates of cy l inder ,  resp ,  



to rque  

coord ina t e s  of beam 

deformations of beam 

Timoshenko shea r  c o e e f i c i e n t  

average d e f l e c t i o n  of c r o s s  s e c t i o n  of beam 

t r a n s v e r s e  s h e a r  f o r c e  

moment 

displacement  of c r o s s  s e c t i o n  i n  a k i a l  d i r e c t i o n  

t o t a l  ang le  of r o t a t i o n  of c r o s s  s e c t i o n  

ang le  of r o t a t i o n  of  c r o s s  s e c t i o n  due t o  t r a n s v e r s e  shea r  

a r e a  of c r o s s  s e c t i o n  of beam 

moment of i n e r t i a  

a b a r  ove r  a  f u n c t i o n  i n d i c a t e s  a complex f u n c t i o n  of  coo rd ina t e s  
- 

S u b s c r i p t s  : 

i n d i c e s  f o r  r e c t a n g u l a r  Ca r t e s i an  coord ina t e s  

i n d i c e s  f o r  c y l i n d r i c a l  coo rd ina t e s  

means q u a n t i t y  is  f o r  f r e e  v i b r a t i o n  c a s e  

i n d i c e s  f o r  c o o r d i n a t e s  of beam 



PI. 

The purpose of t h e  i n v e s t i g a t i o n  was t o  s tudy  v i b r a t i o n s  of s t r u c t u r e s  

made of a l t e r n a t e  l a y e r s  of e l a s t i c  and v i s c o e l a s t i c  m a t e r i a l s .  Many approaches 

have been taken  by numerous r e s e a r c h e r s  t o  s o l v e  v i b r a t i o n s  of t h e  v i s c o e l a s t i c  

materials, and t h e  v a r i o u s  approaches a r e  d iscussed  l a t e r  i n  t h i s  r e p o r t .  Kost 

a u t h o r s  seem t o  p r e f e r  handl ing  f r e e  v i b r a t i o n  r a t h e r  t han  forced  v i b r a t i o n  of 

l o s s y  m a t e r i a l s  b u t  t h e i r  methods have been found h e r e  t o  b e  approximately 

c o r r e c t  f o r  s m a l l  damping only .  The theory  of forced  v i b r a t i o n  i s  v e r i f i e d  

h e r e  and t h e  t o r s i o n a l  pendulum i s  so lved  us ing  damped t r a v e l i n g  waves which 

g ives  a p h y s i c a l  p i c t u r e  of what i s  occu r r ing  i n  t h e  b a r .  I n  a d d i t i o n  a s t u d y  

of s h e a r  deformation is  made us ing  t h e  r e c e n t  and ve ry  l u c i d  paper  on t h e  

Timoshenko beam , w r i t t e n  by Cowper [31].  



111. V I B R A T I O N S  OF V I S C O E L A S T I C  MATERIAT, 

A.  I n t r o d u c t i o n  

A v i s c o e l a s t i c  m a t e r i a l  conver t s  mechanical energy of loading  i n t o  h e a t .  

Because of t h i s  p rope r ty ,  v i s c o e l a s t i c  l a y e r s  may be  app l i ed  t o  e l a s t i c ' l a y e r s  

t o  damp o u t  f r e e  v i b r a t i o n s  and t o  dec rease  t h e  amplitude of forced  v i b r a t i o n s .  

Such m u l t i l a y e r e d  media have been analyzed i n  t h e  forms of beams, p l a t e s ,  and 

s h e l l s .  The v i s c o e l a s t i c  m a t e r i a l  h a s  been t r e a t e d  by many i n v e s t i g a t o r s  by 

assuming t h a t  i t  obeys t h e  s t r e s s - s t r a i n  laws of a  spring-dashpot model [ 6 ] ,  

[ 7 ] ,  181, 191, [ l o ] ,  [ I l l .  But a  f a i r l y  s imple model d e s c r i b i n g  t h e  behavior  

of a real  m a t e r i a l  g i v e s  good r e s u l t s  over  only  a  narrow frequency r ange ,  and 

t a k i n g  a l a r g e r  number of s p r i n g s  and dashpots  becomes mathemat ica l ly  unwieldy. 

I n  s o l v i n g  fo rced  harmonic v i b r a t i o n s ,  some a u t h o r s  such a s  Henry and Freudentha l  
< 

[12] and  B io t  and Poh le [ l3 ]  under c e r t a i n  cond i t i ons  c o r r e c t l y  s u b s t i t u t e  complex 

moduli  f o r  t h e  e l z s t i c  moduli i n  t h e  e l a s t i c  s o l u t i o n  and consequent ly s o l v e  t h e  

v i s c o e l a s t i c  problem of t h e  same shape and load ing  a s  t h e  e l a s t i c  problem. How- - 
e v e r ,  most a u t h o r s  seem t o  p r e f e r  t r e a t i n g  f r e e  v i b r a t i o n  [14] ,  [15] ,  [16] ,  

[17], [18] ,  [19] ,  r a t h e r  t han  fo rced  v i b r a t i o n .  The u s u a l  procedure f o r  f r e e  

v i b r a t i o n  i s  t o  s e l e c t  t h e  t ime dependence f o r  a l l  stresses and d isp lacements  

as exp(iwt  - 6 t ) .  T h i s  amounts t o  changing t h e  frequency w i n  t h e  e l a s t i c  so lu-  

t i o n  t o  a  complex f requency  i n  a d d i t i o n  t o  changing t h e  e l a s t i c  moduli  t o  

complex va lues .  T h i s  procedure seems t o  b e  approximately c o r r e c t  f o r  sma l l  

damping only.  

I n  a t t empt s  t o  s i m p l i f y  s o l u t i o n s ,  au tho r s  have made t h e  assumption t h a t  

t h e  m a t e r i a l  i s  v i s c o e l a s t i c  i n  s h e a r  b u t  e l a s t i c  i n  bulk [13 ] ,  [ 2 4 ] ,  o r ,  

a l t e r n a t e l y ,  t h e  s h e a r  and bu lk  moduli  have t h e  same phase ang le  13.31, [ 2 5 ] .  



Experiments have shown that neither of these assumptions is accurate. Kolsby [ 2 6 ]  

and Lifshitz and I<olsPcy [ 2 9 ]  have sho~m experimentally for three familiar polymers 

that the tangent of the phase angle of the bulk modulus should be taken as two- 

tenths of the phase angle of the shear modulus. Another common assumption is 

that the material is incompressible [25], [27], [28]. 

Investigators such as Lee 1201, Hunter [21], and Ward and Pinnock [22] who 

are interested primarily in the presentation of the theory of deformation of a 

three-dimensional linear viscoelastic body give only a one-dimensional theory 

for harmonic vibration. In reality, it appears that the three-dimensional 

vibration theory can be formulated by extending the one-dimenstonal case. The 

three-dimensional case appears in Bland's book 221, and is also presented here. 

Governing Equations 

The material considered is assumed to be isotropic, homogeneous, and to 

obey the linear viscoelastic laws. The stress-strain laws in integral form 

are 153, 1211 

where 

GR(t) and \(t) are the stress relaxation moduli in shear and bulk, respectively, 

g ( r )  and b(r) are the intensities of the relaxation spectrums for shear and bulk, 

respectively, t is the time, and (t - u) is the elapsed time.* 



The differential forms of the stress-strain laws are 1203 

and 
,fl 
d D"= 

Also, s and e are the deviator tensors for stress and strain, respectively. 
jk . jk 

They are related,to the stress and strain tensors by the following equations. 

The strain-displacement relations for infinitesimal strains are 

where the comma means partial differentiation with respect to the coordinates. 

The equations of motion are 

where f is the forcing function or, alternately, a function describing a source 
j 

of traveling waves. In simplifying the governing equations, the following 

iwt) = Re (Be iwt) lemrna from Harrington 11) is needed. If Re(Ae where Re means to 

take the real part, and A and B are independent of time, then A = B. This is 

easily verified by letting t = 0 for which &(A) = R~(B), and then letting wt = %n 

for which I m ( n )  = im(~) where Im means to select the imaginary part. 



C. Forced Harmonic -- Vibra t ion  

I f  a  l i n e a r  v i s c o e l a s t i c  m a t e r i a l  experiences forced harmonic v i b r a t i o n  

f o r  a long enough t i m e ,  a  s teady s t a t e  w i l l  e x i s t  i n  which t r a n s i e n t  e f f e c t s  

have d ied  out  and t h e  s t r e s s e s ,  s t r a i n s  and displacements vary  harmonically 

i n  t i m e .  This s tatement has been used by Bland [2]  i n  formulat ing t h e  genera l  

three-dimensional equations of wave propagation i n  a  l i n e a r  v i s c o e l a s t i c  media. 

To show the  v a l i d i t y  of the  statement and t h e r e f o r e  of Bland's  work, t h e  type 

of t r a n s i e n t  term involved i s  derived i n  t h e  fol lowing a n a l y s i s  taken from 

Albrecht and Freudenthal  [ 3 ] .  It is assumed t h a t  t h e  body i s  a t  r e s t  f o r  a l l  

negat ive  time, and t h a t  a  shear ing  s t r a i n  

is imposed a t  zero t ime a t  some po in t  i n  t h e  ma te r i a l .  The r e s u l t i n g  shear  

s t r e s s  from equations (1) and (2a) i s  

where 



The q u a n t i t i e s  G '  and G" a r e  t h e  s t o r a g e  and l o s s  moduli i n  s h e a r ,  r e s p e c t i v e l y .  

The t h i r d  term of (7b) is  nonharmonic and exponen t i a l l y  damped i n  time. Denoting 

t h i s  t r a n s i e n t  term a s  f  ( t )  where 

it  i s  noted t h a t  f ( 0 )  = G" and f ( t )  approaches ze ro  a s  t approaches i n f i n i t y .  

Therefore ,  a f t e r  a  s u f f i c i e n t  l eng th  of t ime has  passed ,  (7b) may b e  w r i t t e n  a s  

Thus el2 and Ol2 may b e  taken i n  t h e  fo l lowing  more convenient  form a f t e r  s t e a d y  

s t a t e  conditions a r e  a t t a i n e d .  

where t h e  v a l u e  of E = -%iy g i v e s  t h e  p rev ious ly  de f ined  s t r a i n .  Equat ions (10) 12 0 

a r e  the t ype  of d e f i n i t i o n s  used i n  t h e  equat ions  of wave propagat ion and they  

a r e  v a l i d  f o r  t ime l a r g e  enough. 

' .The f o r c i n g  f u n c t i o n  f o r  t h e  ca se  of s t eady  s t a t e  forced  v i b r a t i o n  may b e  - 

considered a s  a sou rce  of t r a v e l i n g  waves of a  s i n g l e  frequency equal  t o  t h e  

frequency of t h e  f o r c i n g  func t ion .  I n  t h e  fo l lowing ,  t h e  governing equa t ions  

f o r  motion i n  a  l i n e a r  v i s c o e l a s t i c  medium a r e  s i m p l i f i e d  f o r  wave propagat ion  

and, i n  a  l a t e r  s e c t i o n ,  i t  i s  shown how t r a v e l i n g  waves may b e  added t o g e t h e r  

t o  c o n s t r u c t  s o l u t i o n s  t o  forced  v i b r a t i o n  problems. Following Bland [ 2 ] ,  t h e  

f o r c i n g  f u n c t i o n  ( o r  sou rce ) ,  d i sp lacements ,  s t r a i n s ,  and s t r e s s e s  f o r  l i n e a r  

v i s c o e l a s t i c  media a r e  taken i n  t h e  forms 



where t h e  f u n c t i o n s  having a b a r  a r e  complex func t ions  of t h e  coo rd ina t e s  and 

a r e  independent  of t ime.  S u b s t i t u t i n g  (12e) and (12f)  i n t o  (3a ) ,  

The d i f f e r e n t i a l  forms o f  t h e  s t r e s s - s t r a i n  laws have been used h e r e  because they  

a r e  much s imp le r  when used w i t h  (12) than  t h e  i n t e g r a l  forms, Applying the. 

lemma and then  d i v i d i n g  by t h e  s e r i e s  i n  p 
n ' 

or 9 

$-& = 26' Z& 
where 2G is d e f i n e d  a s  t h e  q u a n t i t y  i n  b r a c k e t s  i n  (13a) .  Also, 

The q u a n t i t y  G i s  t h e  complex s h e a r  modulus; i t s  components G '  and G" are t h e  

same as those  de f ined  by (8). S u b s t i t u t i n g  (12c) and (12d) i n t o  (3b) and pro- 

ceeding a s  b e f o r e ,  t h e  complex equa t ibn  governing t h e  d i1a t a t io .n  i s  ob ta ined ,  

where 



and 

K g  and K'' are the storage and loss moduli in bulk, respectively, for forced 

vibration. Applying the lemma and the definitions (12) ta equations ( 4 ) ,  (5), 

and (6), the corresponding complex equations are obtained. 

Define 

z'=- 3 K  --2G- 
2 (69-3 XI 

and 

where 3 is the complex Poisson's ratio and E is the complex tensile modulus for 

- forced vibration. Equations (13) and (17) can be solved to give 

Substituting (20) and (21) into (22), 

~qbation (23) may be solved for the complex strain. The result is 

Equations (18), (19), and (23) may be solved together to get the governing 

equation for the complex displacements. 



The f o r c i n g  f u n c t i o n  may b e  dropped from t h e  governing equat ion  and app l i ed  

i n s t e a d  through t h e  boundary c o n d i t i o n s .  I f  t h i s  i s  done, (25) becomes 

o r ,  i n  v e c t o r  n o t a t i o n ,  

f 
where e i s  a u n i t  v e c t o r  i n  t h e  d i r e c t i o n  of t h e  coo rd ina t e  x . 

j j 

D. F ree  Vib ra t ion  

An exac t  s o l u t i o n  t o  t h e  equa t ions  of v i s c o e l a s t i c i t y  f o r  f r e e  v i b r a t i o n  

appears  t o  b e  much more d i f f i c u l t  t o  o b t a i n  than  f o r  forced  v i b r a t i o n .  The 

s t anda rd  procedure  i n  s o l v i n g  f r e e  v i b r a t i o n  problems i n  v i s c o e l a s t i c i t y  i s  t o  

assume t h e  t ime dependence t o  be of  t h e  form exp ( i o t  - 6 t )  which may a l s o  be 

.. 
w r i t t e n  a s  exp(i[w f i 6 1 t ) .  This  assumed t ime dependence can b e  imposed on t h e  

equa t ions  f o r  fo rced  harmonic v i b r a t i o n  by s u b s t i t u t i n g  w + i 6  f o r  w i n  t h e  

governing equa t ions .  However, t h i s  procedure r e s u l t s  i n  a  shea r  modulus f o r  

f r e e  v i b r a t i o n ,  G6, which i s  d i f f e r e n t  from t h e  o.ne f o r  forced  v i b r a t i o n .  This  

is  demonstrated i n  t h e  fo l lowing  example. It i s  assumed f i r s t  t h a t  a  specimen 

is fo rced  t o  v i b r a t e  a t  a  na tu ra l  frequency u n t i l  a l l  t r a n s i e n t  e f f e c t s  have 

become n e g l i g i b l y  sma l l .  Then ze ro  t i m e  is talcen a s  t h e  time when t h e  load i s  

removed a f t e r  which t h e  specimen i s  al lowed t o  v i b r a t e  f r e e l y .  The d e f l e c t i o n  



Hence t h e  shea r ing  s t r a i n  E 1 2  i s  

The corresponding s t r e s s  may be  found by s u b s t i t u t i n g  (2a) and (28) i n t o  ( 1 ) .  

where 

A comparison of equa t ions  (8) w i t h  (32) r e v e a l s  t h a t  G may be  obta ined  from 
\ 

G6 i n  theory  by s e t t i n g  S equal  t o  zero  i n  (32).  But t h e  s h e a r  modulus i s  a 

m a t e r i a l  p roper ty  and i s  independent of  t h e  n a t u r e  of t h e  loading a p p l i e d .  Thus 

t h e  assumed time dependence f o r  f r e e  v i b r a t i o n  l e a d s  t o  t h e  erroneous conclus ion  

t h a t  t h e  shea r  modulus f o r  f r e e  v i b r a t i o n  i s  d i f f e r e n t  from t h e  one f o r  forced  

vibrat i .on.  However, when 6 i s  smal l ,  G g  i s S n e a r l y  equal  t o  G ,  and exp(iwt  - S t )  

may then  be  v a l i d  approximately f o r  damping smal l  enough. 



No e x a c t  s o l u t i o n s  f o r  f r e e  v i b r a t i o n  of a  v i s c o e l a s t i c  specimen have been 

found i n  a  s ea rch  of t h e  l i t e r a t u r e ,  and a l l  e f f o r t s  t o  f i n d  such a  s o l u t i o n  

under t h i s  p r o j e c t  have s o  f a r  been f r u i t l e s s .  

. . 
E. C i r c u l a r  Cyl inder  i n  Tor s iona l  O s c i l l a t i o n  

For fo rced  t o r s i o n a l  o s c i l l a t i o n s  of a  c i r c u l a r  c y l i n d e r ,  a l l  normal s t r a i n s  

a r e  zero  i n  t h e  usua l  c i r c u l a r  c y l i n d r i c a l  coo rd ina t e s  ( r ,  8 ,  z ) ,  Thus t h e  

d i l a t a t i o n  van i shes ,  and (26) becomes 

Furthermore, only t h e  angular  displacement  u  has  a va lue  i n  t h i s  c a s e ,  
8 

Therefore ,  (33) .reduces t o  

- Equation (34) i s  known a s  a  v e c t o r  wave equa t ion ,  Complex equat ions  of  t h i s  

form occur  i n  t h e  s tudy  of e lec t romagnet ic  wave propagat ion  i n  l o s s y  m e d i a [ l ] .  

Thus t h e  well-developed e lec t romagnet ic  wave theory  may b e  used a s  a gu ide  i n  

c o n s t r u c t i n g  s o l u t i o n s  t o  (34) , 

T o r s i o n a l  waves i n  a c i r c u l a r  c y l i n d e r  t r a v e l  i n  t h e  a x i a l ,  o r  z ,  d i r e c t i o n .  

A p lane  t o r s i o n a l  wave t r a v e l i n g  i n  t h e  p o s i t i v e  z d i r e c t i o n  i s  g iven  by 

, 
where 

In e lec t roolagnet ic  wave theo ry ,  k v  i s  c a l l e d  t h e  propagat ion  c o n s t a n t ,  and kt' 

i s  known a s  t h e  a t t e n u a t i o n  c o n s t a n t ,  These q u a n t i t i e s  have t h e  same names i n  

l i n e a r  v i s c c e l a s t i c i t y  even though they  a r e  i n  r e a l i t y  no t  c o n s t a n t s ,  b u t  



func t ions  of f requency.  The same wave a s  (35) t r a v e l i n g  i n  t h e  nega t ive  z 

' d i r e c t i o n  i s  expressed a s  
b 8 

Consider an  i n f i n i t e l y  long c y l i n d r i c a l  b a r  w i th  a  sou rce .o f  p l u s  z  t r a v e l i n g  

waves of  t o r s i o n  l o c a t e d  a t  a  l a r g e  nega t ive  v a l u e  of z and an  i d e n t i c a l  sou rce  

of  nega t ive  z  t r a v e l i n g  waves loca t ed  a t  a  l a r g e  p o s i t i v e  va lue  of z .  The 

waves w i l l  i n t e r a c t  t o  produce a  displacement-free s u r f a c e  a t  t h e  o r i g i n  when 

the displacement  is  t h e  d i f f e r e n c e  of (35) and (37) . 

For k" n o t  equa l  t o  ze ro ,  t h e r e  a r e  no o t h e r  d i sp lacement - f ree  s u r f a c e s .  The 

complex stress a from (22) and (18) i s  ze 

(39) 

- 
S u b s t i t u t i n g  (38) i n t o  (39) 

It can b e  shotm w i t h  t h i s  equat ion  t h a t  f o r  k" n o t  equal  t o  ze ro ,  t h e r e  a r e  no 

s u r f a c e s  f r e e  of  t h i s  s t r e s s .  S u b s t i t u t i n g  (38) i n t o  (34) and s imp l i fy ing ,  t h e  

r e l a t i o n s h i p  f o r  ~ ( r )  i s  obta ined .  

The s o l u t i o n  f o r  = 0 i s  



For a s o l i d  b a r ,  B = 0,  and 

S u b s t i t u t i n g  (45) i n t o  (38) 

V 

- e 
For a'= 0, (42) g i v e s  

The s h e a r  modulus may b e  expressed i n  terms of i t s  magnitude, I G ( ,  and phase 

Th i s  can b e  used t o  s o l v e  f o r  k' and k" from (47).  The r e s u l t  is  

The shea r  s t r e s s  must vanish  on t h e  s u r f a c e  of t h e  ba r .  Equat ions (18) r 8 

and (22) expressed i n  c y l i n d r i c a l  coo rd ina t e s  and solved w i t h  (46) y i e l d  

=r 0 
It can  b e  shown t h a t  a l l  s t r e s s e s  van i sh  except  a Z B  

\ 

Since (46) g i v e s  no displacement a t  z = 0, i t  i s  a l s o  t h e  s o l u t i o n  f o r  a 

s e m i - i n f i n i t e  c i r c u l a r  b a r  b u i l t  i n  a t  z = 0 i f  t h e  p o r t i o n  of t h e  b a r  a long t h e  

nega t ive  z a x i s  i s  d iscarded .  The s o l u t i o n  may then  be i n t e r p r e t e d  p h y s i c a l l y  

a s  a t r a i n  of waves emanating from a source  a t  a l a r g e  va lue  of p o s i t i v e  and 

r e f l e c t i n g  from t h e  f i x e d  end a t  t h e  o r i g i n .  The s o l u t i o n  f o r  forced  o s c i l l a t i o n  



of a  t o r s i o n a l  pendulum i n  terms of t h e  torque  app l i ed  a t  one end may a l s o  b e  

ob ta ined  from (46) .  A p lane  perpendicular  t o  t h e  z-axis  f s  passed through t h e  

s e m i - i n f i n i t e  b a r  a t  z = L ,  and t h e  p o r t i o n  of t h e  b a r  beyond z = L i s  d i sca rded .  

A f o r c i n g  f u n c t i o n  p l a c e d  a t  z = L e x a c t l y  d u p l i c a t e s  t h e  stress d i s t r i b u t i o n  

occu r r ing  be fo re  t h e  c u t  was made. From (40) and (45) ,  t h i s  s t r e s s  d i s t r i b u t i o n  i s  

Iz=L 
The a p p l i e d  to rque  is 

where a is t h e  r a d i u s  of t h e  c y l i n d e r .  S u b s t i t u t i n g  (49) i n t o  (51) and so lv ing  - 

f o r  t h e  cons t an t  A,  

The d e f l e c t i o n  from (46) and (52) is  

27-r ( e  -e 
(53) 

S ince  t h e  d e f l e c t i o n  v a r i e s  l i n e a r l y  w i th  r ,  i t  may b e  dup l i ca t ed  exper imenta l ly  

by a t t a c h i n g  a  r i g i d  d i s k  t o  t h e  end a t  z = L and f o r c i n g  t h e  d i s k  t o  o s c i l l a t e .  

For  an  e l a s t i c  m a t e r i a l ,  (53) becomes 

The v i s c o e l a s t i c  d e f l e c t i o n  could have been obta ined  from t h e  e l a s t i c  s o l u t i o n  

(54) by making k ' a n d  G complex. A t h i r d  technique i s  used by Fer ry  [ 4 ]  who 



seems t o  be  t h e  f i r s t  t o  have so lved t o r s i o n a l  o s c i l l a t i o n  of a  v i s c o e l a s t i c  

pendulum, He used a sepa ra t ion  of v a r i a b l e s  technique and appl ied  t h e  f o r c i n g  

func t fon  through t h e  boundary condi t ions .  The advantage of using t r a v e l i n g  

waves t o  cons t ruc t  a  s o l u t i o n  is t h a t  i t  g ives  a phys ica l  p i c t u r e  of what i s  

occur r ing  i n  t he  ba r .  



IV. SHEAR DEFOWIATION OF A BEAM 

A. Basic Analysis  

In  t h e  fol lowing,  a  s tudy i s  made of t h e  Timoshenko beam which inc ludes  

t h e  e f f e c t s  of r o t a r y  i n e r t i a  and shear  deformation i n  t h e  governing equations.  

Shear deformation and r o t a r y  i n e r t i a  a l s o  occur i n  a  s h e l l ,  but  a  s tudy of 

t h e s e  e f f e c t s  i n  a  beam g ives  a l l  t h e  information necessary t o  understand t h e  

same e f f e c t s  i n  a  s h e l l  and has  t h e  advantage of involving only one coordinate  

i n  t h e  governing equat ions .  The u l t ima te  a p p l i c a t i o n  of t h e  derived theory 

presented h e r e  w i l l  b e  t o  v i b r a t i o n  of mul t i layered  s h e l l s .  

The i n i t i a l  a n a l y s i s  i s  taken from cowper's [31] d e r i v a t i o n  of t h e  beam 

equat ions  by i n t e g r a t i n g  t h e  equat ions  of e l a s t i c i t y  over t h e  c r o s s  sec t ion  

of t h e  beam. c he beam coord ina tes  x ,  y, z have d i r e c t i o n s  a s  shown i n  f i g u r e  1. 

Figure 1 

The d e f l e c t i o n s  u and u i n  t h e  z and x d i r e c t i o n s ,  r e spec t ive ly ,  a r e  w r i t t e n  a s  
Z X 

where I w - R  ( ' ( ~ , & f i a  



W is  t h e  average d e f l e c t i o n  o f  t h e  c r o s s  s e c t i o n  i n  t h e  z d i r e c t i o n ,  U is  t h e  

average displacement  of t h e  c r o s s  s e c t i o n  i n  t h e  x  d i r e c t i o n ,  Q i s  t h e  average 

a n g l e  of  r o t a t i o n  of t h e  c r o s s  s e c t i o n  about t h e  n e u t r a l  a x i s ,  A i s  t h e  a r e a  of 

t h e  c r o s s  s e c t i o n ,  and v and v a r e  r e s i d u a l s .  I n t e g r a t i n g  equa t ions  (55) 
X z 

over  t h e  c r o s s  s e c t i o n  and applying equat ions  (56) y i e l d s  

The equa t ions  (55) a r e  s u b s t i t u t e d  i n t o  t h e  fo l lowing  s t r e s s - s t r a i n  r e l a t i o n  

from e l a s t i c i t y .  

The r e s u l t  i s  

T h i s  is i n t e g r a t e d  over  t h e  c r o s s  s e c t i o n  t o  o b t a i n  
> .  

Cowper assumes t h a t  t h e  d i s t r i b u t i o n  of t h e  r e s i d u a l ,  v f o r  a v i b r a t i n g  beam x ' 
is  t h e  same a s  t h e  d i s t r i b u t i o n  for .  a  s t a t i c  ' load  on t h e  beam. Th i s  a l lows  him 

Q - 
t o  e v a l u a t e  t h e  l a s t  term i n  (60) a s  a  c o n s t a n t  t imes t h e  f a c t o r  AG . A f t e r  per- 

forming t h e  i n t e g r a t i o n ,  (60) becomes 

where K is c a l l e d  t h e  Timoshenko s h e a r  c o e f f i c i e n t .  It i s  e a s i l y  seen  t h a t  i f  

v fs neg lec t ed  i n  (60), t h e  r e s u l t  is 
X 



which i s  t h e  same a s  s e t t i n g  equa l  t o  u n i t y  i n  (61) .  For elementary beam 

theo ry ,  t h e  shea r  deformat ion  i s  neg lec t ed  and (60) becomes 

Three o t h e r  equa t ions  de r ived  by Cowper a r e  

where 

/11 = [l q7 4 ,&2 i s  t h e  bending moment a c t i n g  a t  a  

s e c t i o n ,  I is  t h e  moment of i n e r t i a  of t h e  c r o s s  s e c t i o n ,  p  i s  t h e  t o t a l  f o r c e  

a c t i n g  i n  t h e  z d i r e c t i o n  on t h e  beam, E i s  t h e  t e n s i l e  modulus, and P i s  t h e  

dens i ty .  The governing equa t ion  on W can b e  obta ined  by e l i m i n a t i n g  t h e  unkriowns 

Q, M ,  and @ i n  (61) and (64).  The d e f l e c t i o n  W may f u r t h e r  b e  w r i t t e n  as 

where WH is  t h e  homogeneous s o l u t i o n  t o  t h e  governing equat ion  on W ,  and W P  i s  

t h e  p a r t i c u l a r  s o l u t i o n .  Assuming a harmonic t ime dependence, t h e  equat ion  

governing W i s  
H 



A q u a n t i t y  which i s  needed l a t e r  i s  6 which i s  t h e  r o t a t i o n  of t h e  c r o s s  

s e c t i o n  due t o  t r a n s v e r s e  shea r .  I t s  r e l a t i o n s h i p  t o  prev ious ly  de f ined  quan- 

t i t i e s  i s  

aw 
8 and 4 a r e  p o s i t i v e  when measured c o u n t e r c l o c k ~ ~ i s e ,  bu t  - i s  p o s i t i v e  when a x  

measured c lockwise  i n  t h e  coo rd ina t e  system used he re .  Equat ions (66a) and (62) 

l e a d  t o  

B. Segmented Normals 

The warped s u r f a c e s  of c e r t a i n  s t a t i c a l l y  loaded beams a r e  knotm f u n c t i o n s  

of t h e  beam coord ina t e s ,  and Cowper assumed t h a t  t h e s e  s u r f a c e s  were t h e  s.ame 

as t h e  warped s u r f a c e s  when a  v i b r a t o r y  load  was appl ied .  Th i s  l e d  t o  an  equa- 

t i o n  f o r  t h e  shea r  c o e f f i c i e n t  a s  a f u n c t i o n  of Poisson ' s  r a t i o .  For an e l a s t i c  

s h e l l ,  t h e  shea r  c o e f f i c i e n t s  have been found by means of a f r e e  v i b r a t i o n  

s o l u t i o n ,  b u t  t h i s  is  n o t  p r a c t i c a l  a t  t h i s  time f o r  v i s c o e l a s t i c  m a t e r i a l s  s i n c e  

f r e e  v i b r a t i o n  of t h e s e  m a t e r i a l s  h a s  n o t  been s a t i s f a c t o r i l y  descr ibed  

mathemat ica l ly  as y e t .  Another procedure which i n  e f f e c t  g ives  a b e t t e r  approxima- 

t i o n  than  u n i t y  f o r  t h e  shea r  c o e f f i c i e n t  i s  t o  d i v i d e  t h e  normal i n t o  segments 

each of which can r o t a t e  independent ly of t h e  o t h e r  segments b u t  each of which 

remains s t r a i g h t  a f t e r  deformation.  This  procedure is app l i ed  h e r e  t o  t h e  

Timoshenko beam i n  o r d e r  t o  show t h e  kind of accuracy t h a t  may b e  expected from 

t h i s  method. 

The s o l i d  beam i s  f i r s t  d iv ided  i n t o  t h r e e  l a y e r s  of equal  t h i cknesses  a s  

shown i n  f i g u r e  2 f o r  t h e  purpose of a s s ign ing  a  number t o  e a ~ h  of t h e  segments 



. . 

Figure  2 

of t h e  normal. A s u b s c r i p t  on a  v a r i a b l e  w i l l  r e f e r  t o  t h e  corresponding i a y e r ,  

and t h e  same v a r i a b l e  wi thout  a s u b s c r i p t  i n d i c a t e s  a  q u a n t i t y  which d e s c r i b e s  

t h e  beam as a - s i n g l e  u n i t .  The d e f l e c t i o n s  w i l l  b e  taken  as fol lows:  

U1, U2, and Ug a r e  shown i n  f i g u r e  3 .  



s u r f  ace  

F i g u r e  3 

Equation (58) i n t e g r a t e d  oyer  each l a y e r  y i e l d s  t h e  fol lowing t h r e e  equat ions .  

where 



Also,  t h e  fo l lowing  assumption is  made. 

which l e a d s  t o  

The r e s u l t  of adding t h e  equa t ions  (68) and apply ing  (69) and (70) i s  

The t h r e e  fo l lowing  e q u a t i o n s  are de r ived  s i m i l a r l y .  

The f o u r  e q u a t i o n s  (71) involve.  t h e  f i v e  unknowns cP Q2,  W ,  Q,  and M. Thus 
1 ' 

a n o t h e r  r e l a t i o n s h i p  between t h e s e  v a r i a b l e s  must b e  found. 

From (66) ,  ( 6 8 ) ,  and (69b),  

and 



Also, (70) and (G8) y i e l d  m 3  = ml. The ang le s  and m 2  a r e  t h e  r o t a t i o n s  of 

t h e  segments of normal due t o  t r a n s v e r s e  shea r .  A r e l a t i o n s h i p  between 4 1 and 

m 2  can b e  chosen t o  make t h e  shea r ing  s t r e s s e s  have t h e  b e s t  f i t  t o  a p a r a b o l i c  

d i s t r i b u t i o n  i n  t h e  z -d i r ec t ion .  Th i s  i s  accomplished by f i r s t  w r i t i n g  a 

p a r a b b l i c  d i s t r i b u t i o n  f o r  crxZ. The c o r r e c t  r e s u l t  i s  

Next, t h e  average  of 0 i s  taken over  each l a y e r .  
xz 

LP~'LK 42 

The f i n a l  r e s u l t  o f  e v a l u a t i n g  equa t ions  (75) and us ing  (73) i s  

The f u n c t i o n s  ml ,  m 2 ,  ml ,  Q2, M, and Q may b e  e l imina ted  from equa t ions  (71) , (72) ,  

and (76) r e s u l t i n g  i n  t h e  governing equa t ion  on TJ. The r e s u l t  f o r  'GJ H assuming a 

harmonic t ime dependence i s  

Th i s  i s  t h e  same equa t ion  a s  (65) wi th  K t ak ing  t h e  va lue  



f o r  t h r e e  seginents of normal. Cowper's va lue  f o r  K which a l lows  t h e  normal t o  

warp i s  ( f o r  a r e c t a n g u l a r  beam) 

where .v  i s  Poisson ' s  r a t i o .  (79a) g ives  

X = 0.733 . f c i  9 5 0 

For a s i n g l e  s t r a i g h t  normal w i th  warping neg lec t ed ,  

A comparison of (78), (79) and (80) r e v e a l s  t h a t  d iv id ing  t h e  normal i n t o  t h r e e  

segments decreases  by more than  50% t h e  d i f f e r e n c e  between t h e  shear  c o e f f i c i e n t  

f o r  a s i n g l e  s t r a i g h t  normal w i th  no warpage and t h e  b e s t  known va lue  of t h e  

s h e a r  c o e f f i c i e n t  a s  determined by Cowper. Dividing t h e  normal i n t o  more than  

t h r e e  segments should improve t h e  accuracy f u r t h e r .  A s  mentioned p rev ious ly ,  

t h e  purpose of apply ing  t h i s  a n a l y s i s  t o  a  beam was t o  e v a l u a t e  t h e  accuracy of  

t h e  method be fo re  apply ing  i t  t o  a  s h e l l .  
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